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duplications result in multigene families evolving through a “birth
and death” mode of evolution [9]. Analyses that involve toxin gene
transcription are useful to evaluate selection pressures on these gene
copies, addressing both toxin expression and diversity [10]. The
field of transcriptomics offers many technologies and methodolo-
gies for these explorations.

Once toxin transcript sequences are obtained, the translated
products can be predicted and structure modeling performed, as
well as toxin peptides synthesized or proteins recombinantly pro-
duced for characterization. Therefore, toxin transcript sequences
provide insight into not only sequence diversity, but also structure
and potential function of the protein products. Further, the collec-
tion of translated sequences can be used as a custom database for
proteomic identification and characterization of venoms, especially
in cases where venoms contain unknown, hypervariable, or novel
components that are not present in currently available databases.
This integrated “omic” approach has been termed “venomics”
[11, 12], and has been very successful at identifying and quantifying
distinct proteoforms within a venom [13–15]. In addition to this
chapter, Kaas and Craik [16] is a recommended review of this field.

There are two basic approaches to sequencing toxin transcripts:
(1) sequencing the collection of expressed toxin transcripts within
venom gland tissue (complete transcriptome) or (2) targeted ampli-
fication of toxin transcripts belonging to a select venom protein
superfamily. This chapter provides a methodology for isolating total
RNA from venom gland tissue or venom with yields useful for both
target transcript amplification and next-generation sequencing
(NGS) transcriptome assembly. For obtaining targeted venom pro-
tein transcripts, a protocol for 30





2.3.2 NGS Data Quality

Checks

1. FastQC (http://www.bioinformatics.babraham.ac.uk/pro
jects/fastqc/) [18].

2. Trimmomatic (http://www.usadellab.org/cms/?
page¼trimmomatic) [19].

3. PEAR (https://sco.h-its.org/exelixis/web/software/pear/)
[20].

4. FLASH (https://ccb.jhu.edu/software/FLASH/) [21].

2.3.3 De Novo

Transcriptome Assembly

1. Trinity (https://github.com/trinityrnaseq/trinityrnaseq/
wiki) [17].

2. Extender [22], not open source.

3. VTBuilder [23], not open source.

4. EvidentialGene (http://arthropods.eugenes.org/
EvidentialGene/trassembly.html) [24].

5. Exonerate (https://www.ebi.ac.uk/about/vertebrate-geno
mics/software/exonerate) [25].

6. CD-HIT (http://weizhongli-lab.org/cd-hit/) [26].

2.3.4 Toxin Gene

Identification and

Expression Quantification

1. BLAST+ (https://www.ncbi.nlm.nih.gov/books/
NBK279690/) [27].
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3. PEAKS (http://www.bioinfor.com/peaks-studio/) [40],
licensed.

4. SearchGUI (http://compomics.github.io/projects/searchgui.
html) [41].

3 Methods

3.1 RNA Isolation This procedure is for isolating RNA from either venom or venom
gland tissue. For RNA extraction from venom, the best results have
been achieved using freshly extracted venom, but RNA has also
been extracted from lyophilized venom after over 20 years of
storage [42]. It is important to follow proper procedures when
working with RNA to maximize yield and preserve RNA integrity
(see Note 3 for suggestions to optimize RNA work).

1. Add 100–500 μL of liquid venom or 2 mg of lyophilized
venom (as low as 1 mg and up to 50 mg of lyophilized
venom have been used successfully) to 1 mL TRIzol. If
venom gland tissue is used, approximately 10–100 mg of tissue
is added and homogenized in TRIzol (this can be done with
sterile tissue grinders).

2. Incubate sample for 5 min at room temperature.

3. Add 200 μL of chloroform.

4. Cap tightly and shake for 15 s.

5. Incubate for 2–3 min at room temperature.

6. Centrifuge sample at 12,000 � g at 4 �C for 15 min. Remove
the sample from the centrifuge, taking care not to disrupt the
layers that have separated.

7. Remove the aqueous upper phase (should be about 50% of the
total volume) by pipetting the solution out and into a new
RNase-free microcentrifuge tube. Do not remove any of the
organic layer or interphase layer—only the top layer.

8. Add 500 μL of 100% isopropanol to the aqueous layer in the
new tube.

9. Incubate at room temperature for 10 min.

10. Centrifuge at 12,000 � g at 4 �C for 10 min.

11. Remove supernatant, leaving RNA pellet (might not be visible
for venom, should be visible for tissue).

12. Wash pellet with 1 mL of 75% ethanol.

13. Centrifuge the tube at 7500 � g at 4 �C for 5 min and pour off
supernatant.

14. Add 300 μL ice cold 100% ethanol and 40 μL 3 M sodium
acetate.
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15. Finger vortex and place in �20 �C overnight.

16. Centrifuge samples at 10,000 � g for 15 min at 4 �C.

17. Remove supernatant, invert over Kimwipe to remove all liquid,
and air dry for 10 min.

18. Add 10–16 μL of RNase-free water and gently vortex. See Note
4 for working with RNA from rear-fanged snake venoms that
will need an additional next step.

3.2 30RACE (Rapid

Amplification of cDNA

Ends): Targeting

Specific Toxin

Transcripts

30RACE is usually performed using protocols and reagents that are
supplied with kits. The 30





94 °C 5 minutes 

94 °C 25 seconds

52 °C 30 seconds

68 °C 2 minutes

94 °C 25 seconds

48 °C 30 seconds

68 °C 2 minutes

68 °C 5 minutes

7X

30X

Hold at 4–10 �C (programing to hold at 10 �C is better for the
instrument).

13. Remove tubes from the thermal cycler and either store at
�20 �C or immediately run on a 1% agarose gel to view
products.

14. Excise band of appropriate size (predicted from transcripts
within the venom protein superfamily) from the 1% agarose
gel, and isolate the DNA using a PCR product gel purification
kit, such as Wizard SV gel and PCR cleanup system.

15. Perform ligation into cloning vector of choice. pGEM-T Easy
Vector System or similar can be purchased and has all needed
reagents for ligation. Add the following to a 0.5 mL nuclease-
free tube:

5 μL 2� Ligation buffer

1 μL pGEM-T Easy Vector

3 μL of PCR product DNA isolated from gel band

1 μL of DNA ligase

16. Mix the added reagents by pipetting.

17. Incubate at 4 �C overnight.

18. Bacterial transformation is then performed with the vector
ligation product. This procedure should be completed follow-
ing instructions given for the chosen competent cells pur-
chased. Agar plates with antibiotics or other additives, such as
IPTG, should be prepared according to competent cells and
vector being used. For E. coli DH5α competent cells, 5 μL of
ligation product is added to 50 μL of competent cells kept on
ice. Refer to Note 7 for general bacterial work suggestions that
should be followed from this point forward.



19. Flick side of tube to mix competent cells with ligation product.
Do NOT vortex, as competent cells are very fragile.

20. Incubate tube on ice for 30 min.

21. Heat shock tube for 20 s at exactly 42 �C, and return to ice
immediately.

22. Incubate on ice for 2 min, and then add 1 mL of LB broth.

23. Incubate for 60 min in a shaking 37 �C warm water bath.

24. Plate 200 μL onto an agar plate, spreading the bacteria with the
use of sterile glass beads or loop. Make sure that the sample has
dried onto the plate before overturning for incubation.

25. Turn the plate upside down and incubate at 37 �C overnight
(about 16–18 h at most; otherwise plate could become
overgrown).

26. Place plate at 4 �C the following day to stop E. coli growth. Pick
E. coli colonies as soon as possible.

27. Pick E. coli colonies that demonstrate venom protein transcript
insertion into vector; this is done by colony blue/white screen-
ing (LacZ gene selection) for the pGEM-T Easy Vector Sys-
tem. Make sure that selected colony is white in coloration in
this case. Scoop the white colony up with a sterile pipette tip
and place into 2 mL of LB + ampicillin broth (ampicillin is 1 μL
per l mL broth). Each E. coli colony could be a different venom
protein transcript isoform. At least ten colonies should be
selected, but the greater number selected, the better chance
of obtaining all transcript isoforms [42].

28. Shake at 37 �C overnight.

29. In the morning, purify the plasmids of each E. coli colony with
the use of the Quick Clean 5 M Miniprep kit or similar plasmid
purification kit.

30. Send plasmids for Sanger sequencing. Usually, only around
200 ng is needed. Sequencing primers assigned will be based
upon the vector. For pGEM-T Easy Vector, T7 and SP6 can be
used as sequencing primers.

3.3 Next-Generation

Sequencing (NGS)

Transcriptomics:

Constructing De Novo

Transcriptomes



NGS technologies, especially from short-read sequencers, a kilo-
base of sequence costs a fraction of a cent. The extensive number of
overall sequences obtained results in the recovery of full-length



2. Paired-end reads (PE) or single reads: sequencing a single end
of a transcript fragment, or both ends (paired end). It is best for
de novo transcriptome assemblies to have paired-end longer
reads (>150 bp) since this additional information can be useful
for assembly, and paired-end reads can be merged by such
programs such as PEAR (Paired-End reAd mergeR) [20] or
FLASH (Fast Length Adjustment of SHort reads) [21] to
create overall longer reads that also improve assembly.

3. Strand information: strand origin of a read. In order to quantify
gene expression accurately, it is important to retain the strand
specificity of origin for each transcript. This will allow one to
identify from which overlapping gene the RNA transcript has
originated.

There are many steps to produce a high-quality assembly, but
the assembly has many downstream applications (refer to
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analyzes the de Bruijn graphs and read pairings to report all plausi-
ble transcript sequences. Assembly run times are quite quick, usu-
ally completed within 24 h (approximately one-half to 1 h per
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sequence and protein length, emphasizing transcript coding
potential.

3.3.4 Toxin Gene

Identification and

Expression Quantification

The best way to evaluate the quality of the final overall assembly is
by the identification of full-length transcripts for toxins known to
be present within the venom. In this sense, as mentioned above, the
Trinity software package provides a Perl script based on sequence
homology that could be used in order to decipher which toxin-
identified transcripts expand throughout the entire length of pro-
tein sequence. Hence, evaluating the quality of coding sequences,
such as if a full-length transcript starts with a methionine and ends
with a stop codon, is better than relying on a value like “N50,”
which is not very relevant to transcriptome assemblies, because a
higher N50 value and the presence of many long contigs can be the
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for parallel computing, is to split up files and run them separately,
and this is recommended. The program Diamond [28] has a much
faster algorithm, faster than the stand-alone BLAST+ by about
20,000 times, and is highly recommended for BLASTx or BLASTp
searches.

Regarding the annotation process, within databases submis-
sions are sometimes given the identification of “hypothetical pro-
tein,” “transcribed mRNA,” or even a mis-annotated description;
some may not have complete identities when they are submitted,
and some might even be partial sequences. Therefore, it is best to
report at least the top three BLAST hits in case the top hit given has
one of these non-informative labels or is incomplete. A filtering
round using a list of keywords (including the acronyms of all known



from full-length transcripts, several software packages have been
developed. One of the most commonly used software packages for
this is RSEM (RNA-Seq by expectation-maximization) [31]. This
software package uses Bowtie/Bowtie2 [32] as the read aligner,
utilizing a Burrows-Wheeler index to keep its memory require-
ments small. Because multiple transcript isoforms are present for
many toxin genes, multi-mapping reads are frequently observed.
One should note that for mapping programs like Bowtie2 (the read
alignment program used for RSEM quantification), the search for
alignments for a given read is randomized. This means that if
Bowtie2 encounters a set of equally parsimonious alignments dur-
ing mapping, one of these alignments is randomly picked. This
allows for quick transcript quantification (RSEM run times are
usual less than 48 h on a single workstation, depending on read
numbers), but any transcript isoform quantification should be seen
as a measure of relative abundance only.

3.4 Toxin-Positive

Selection

Two primary modes of toxin evolution have been proposed: pur-
ifying and positive selection [68, 69]. It has been suggested that
positive selection is the dominant driver of snake venom evolution
[70], especially for highly expressed venom protein transcripts
[13]. Additionally, it has been observed that abundant venom
protein superfamilies experience weaker selective constraints
because of multiple gene copies, allowing for the accumulation of
deleterious mutations, and therefore also neutral evolution [71].
Even though there are multiple models that can be used to examine
selection pressures, it must be noted that for large venom protein
families that exhibit structural and functional diversity, toxin evolu-
tion can be complex.

The most common method of selection evaluation, and one of
the easiest to perform, is analyzing toxin transcripts for positive
selection. This method examines single-nucleotide polymorphisms
(SNPs) within codons, identifying if nonsynonymous or synony-
mous substitutions are occurring more frequently between homo-
logs. SNPs have been well documented in venom protein
transcripts and linked to toxin functional diversification [72]. The
ratio of nonsynonymous to synonymous substitutions, ω, can be
used to determine if selection is acting on the overall protein
and/or specific regions. Values of ω < 1 are suggestive of negative
purifying selection, ω ¼





calculating the posterior probabilities of a particular amino acid
belonging to a given selection class (neutral, conserved, or highly
variable). These BEB calculations are performed with the M8
model, run in comparison to the M7 model. Once likelihood values
are generated for each model, comparisons can be made with
negative twice the difference in log likelihoods between each
model compared to a χ2 distribution. The length of time it takes
to run PAML codeml is dependent on sequence number and
models used, but it is usually completed within 24 h and can be
executed easily on a desktop or laptop computer.

Another software that has been successfully used for toxin
selection analysis is HyPhy [77]. HyPhy hypothesis testing using
phylogenies is similar to PAML in that it carries out likelihood-
based analyses on multiple alignments to find rates and patterns of
sequence evolution. HyPhy can be executed from the DataMonkey
server [38]. Tests for positive, negative, and episodic selection can
all be performed on the DataMonkey server [78].

3.5 High-Throughput

Proteomics Integration

Venom gland transcriptomes will then be used as databases for
locus-specific matching of proteomic data. Although some
top-down proteomics strategies are being developed for proteome
profiling, characterization of venoms is usually completed with a
bottom-up tandem mass spectrometry (MS/MS) approach, where
proteins are first digested with proteases such as trypsin (most
commonly used), chymotrypsin, or Glu-C, and then MS/MS pro-



There are several programs that allow for the input of a custom
protein database, such as a translated venom gland transcriptome,
as a FASTA file. Some of the more popular software that have this
capability are listed in Subheading 2. Another important consider-
ation when using custom databases, such as a species-specific tran-
scriptome, is that there could be mis-assemblies or missing
transcripts within these databases, and therefore searches against
publicly available databases also are still advisable. Peptide to trans-
lated transcriptome matches assigned by these tools can also have
false positives, and therefore a false discovery rate (FDR) metric is
often used for confidence assessment [87]. False-positive screening
is performed with the inclusion of a decoy database, where incor-
rect “decoy” sequences are added to the search space. This decoy
database can be useful for the design of FDR filtering criteria [88].

An integrated transcriptomics and proteomics (venomics)
approach is ideal for not only more accurate and complete identifi-
cation of venom proteins, but also for better protein quantification
[89]. There are several label-free methods of MS/MS quantifica-
tion of venom components, such as normalized spectral abundance
factors (NSAF) [89–91], which normalizes for protein length, or
the use of an internal standard of known concentration that is then
used to determine unknown concentrations of proteins based upon
peptide intensities [92], similarly used for iBAQ [93]. The use of a
species-specific or even individual-specific translated transcriptome
database can aid in the quantification of venom components, such
as providing exact protein sizes for NSAF calculations. Some pro-
teomic programs can also generate their own quantification num-
bers, such as the emPAI (Exponentially Modified Protein
Abundance Index) number [94] from ProteinPilot and Mascot.
Additionally, other researchers have relied on the use of chromato-
gram peak areas for venom component quantification and perform
a reversed-phase high-performance liquid chromatography
(RP-HPLC) separation before the digestion and identification of
proteins [95]. In cases where peaks consist of multiple proteins, gel
densitometry is used to determine the abundance of different pro-
teins within a single peak. It is also important to note that although
the translated transcriptome is ideal as a species-specific database for
MS/MS peptide identifications, there is not always a quantitative
correspondence between the transcriptome and proteome.

Transcripts from an assembled transcriptome can be used to
obtain the full amino acid sequence of a protein. Using proteomic
methodologies (such as N-terminal sequencing and MS/MS de
novo sequence determinations from many peptide fragments) to
acquire full amino acid sequences of proteins can be labor intensive
and expensive. Additionally, with these approaches, complete pro-
tein sequences are not guaranteed, as some proteins are
N-terminally blocked, do not exhibit sequence for protease diges-
tion, or do not ionize well for MS/MS.
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A combined transcriptomic and proteomic approach is often
necessary to identify toxins, but the presence of a transcript alone
does not mean that it is a translated and secreted venom component
[96]. Because the basic definition of a venom is as a secretion, it is
therefore of great importance that venom proteomes are character-
ized, in addition to venom gland transcriptomes, to determine
which transcripts belong to secreted venom components. Venom
proteins originated from homologs that performed non-venom-
related, physiological functions within tissues [97], and misidenti-
fication of these physiological proteins and peptides as toxins could
distort our view of toxin evolution, especially when they are
included in cladistics and selection analyses. This integration of
transcriptomics and proteomics improves the accuracy of either
approach used alone.

4 Notes

1. Venom protein-specific primer needs to be designed from
venom protein transcripts. The best way to accomplish this, if
the target sequence is unknown, is by performing a multiple
sequence alignment with a collection of similar transcript
sequences. Venom protein superfamilies tend to have con-
served signal peptide regions and this region is ideal to design
primers to target multiple venom protein transcripts within a
single superfamily. It is best to incorporate some degenerate
nucleotide bases, such as Y (designated for C or T nucleotides)
and W (for A and T nucleotides), to improve amplification of all
transcripts within a superfamily. Refer to specific instructions
that companies have designated for ordering degenerate bases.
Usually, 1–4 degenerate bases should be used; more degenerate
bases will result in nonspecific binding and amplification. It is
also best to run PCR products using agarose gel electrophoresis
and excise the band belonging to the estimated transcript size,
as this will also help avoid nonspecific transcripts. Modahl and
Mackessy (2016) list several primers that have been successfully
used to amplify multiple transcript isoforms within a single
snake venom protein superfamily; this publication also has
details regarding primer design and PCR for 30RACE.

2. Make sure that X-gal, ampicillin, and IPTG are added after
autoclaving agar, and when agar has cooled to approximately
50 �C.

3. RNA is degraded by RNases that occur in the environment, on
skin, and in bacteria or mold that may be present on airborne
dust particles. RNase contamination is prevented by always
wearing gloves, only using plasticware that is labeled “RNase-
free” (treat any glassware with RNase inhibitors), using filtered
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pipette tips and micropipettes that are designated only for RNA
work, and cleaning the work area with RNase inhibitors, such
as RNase Away (ThermoFisher Scientific). Also, make sure that
all reagents used are molecular grade and are only used for
RNA work (this includes water, which must be treated before-
hand with DEPC). It is better to be overly cautious when
working to avoid environmental RNases than to be neglectful
and end up with degraded RNA. Next-generation sequencing
technology in particular requires high-quality RNA for library
input, and some sequencing centers will even refuse to
sequence RNA that falls below a RNA quality threshold.
RNA is also unstable, and experiments should be planned to
avoid multiple freeze-thaw cycles. RNA should be reverse-
transcribed as quickly as possible to avoid degradation. Any
long-term storage of RNA should be done at �80 �C and any
tissue that will be used later for RNA isolation should also be
stored at �80 �C but within a RNAlater stabilizing buffer for
best preservation. If tissue samples will be used within 1–-
2 months and are small, such as venom glands from arthro-
pods, they can be directly collected and stored in TRIzol. This
is actually recommended considering that it can be hard to
remove small samples from RNAlater. Isolated RNA should
be kept on dry ice during any transport.

4. In the case of total RNA isolated from rear-fanged snake
venom, a DNase I digestion (amplification grade; Invitrogen)
must be performed to remove all traces of DNA before begin-
ning the 30RACE procedure. Venoms collected from rear-
fanged snakes tend to have more DNA contamination that
will interfere with later steps.

5. Touch-down PCR is used for this procedure. This means that
the first set of repeated cycles has a higher annealing tempera-
ture to encourage specific primer binding, and the remaining
repeated cycles have a lower annealing temperature to increase
overall copy number. This is different than the nested PCR that
is described in the manual for the 30RACE system for rapid
amplification of cDNA ends (ThermoFisher Scientific). The
PCR method detailed in this chapter and modified from the
ThermoFisher Scientific kit protocol has been shown to be
successful [42].

6. Ways to troubleshoot PCR to improve amplification: (1) If you
had a total reaction volume of 25 μL, sometimes doubling
reagent volumes and increasing the total volume to 50 μL can
improve amplification. (2) Lower the annealing temperature.
However, a lower annealing temperature can result in an
increase in nonspecific PCR products. (3) Increase the number
of cycles. However, too many (>40) cycles increase the chance
of polymerase errors. (4) Increase the time associated with the
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68 �C extension, sometimes necessary with longer transcripts.
(5) Too much cDNA template can inhibit PCR. Try 1:2 or
1:10 dilutions of cDNA template before it is added to the PCR.

7. Make sure that when bacterial work is completed, precautions
are taken for all work to be conducted under sterile conditions.
All microcentrifuge tubes and pipette tips should be auto-
claved, as well as all prepared LB broth and agar. Any items
that come in contact with the bacteria must be discarded as
biohazard waste.

8. RNA quality can be determined using a Bioanalyzer. The RIN
(RNA Integrity Number) is calculated on a Bioanalyzer by eval-
uating the ratio between the ribosomal RNA (rRNA) subunits
28S and 18S [98]; this is used to establish the extent of RNase
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