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ARTICLE INFO ABSTRACT

Keywords: Elucidating the molecular mechanisms underlying snake venom variability provides important clues for un-
Snake venom derstanding how the biological functions of this powerful toxic arsenal evolve. We analyzed in detail individual
Evolution transcripts and venom protein isoforms produced by five specimens of a venomous snake (Bothrops atrox) from
Transcriptome two nearby but genetically distinct populations from the Brazilian Amazon rainforest which show functional
Proteome ey . . .. . .
Plasticity similarities in venom properties. Ind1v1du.a1 var{atlon was observed a@ong the \{enoms .of these specm.lens, but
Toxin function the overall abundance of each general toxin family was conserved both in transcript and in venom protein levels.
However, when expression of independent paralogues was analyzed, remarkable differences were observed
within and among each toxin group, both between individuals and between populations. Transcripts for func-
tionally essential venom proteins (“core function” proteins) were highly expressed in all specimens and showed
similar transcription/translation rates. In contrast, other paralogues (“adaptive” proteins) showed lower ex-
pression levels and the toxins they coded for varied among different individuals. These results provide support
for the inferences that (a) expression and translational differences play a greater role in defining adaptive
variation in venom phenotypes than does sequence variation in protein coding genes and (b) convergent
adaptive venom phenotypes can be generated through different molecular mechanisms.
Significance: Analysis of individual transcripts and venom protein isoforms produced by specimens of a veno-
mous snake (Bothrops atrox), from the Brazilian Amazon rainforest, revealed that transcriptional and transla-
tional mechanisms contribute to venom phenotypic variation. Our finding of evidence for high expression of
toxin proteins with conserved function supports the hypothesis that the venom phenotype consists of two kinds
of proteins: conserved “core function” proteins that provide essential functional activities with broader relevance
and less conserved “adaptive” proteins that vary in expression and may permit customization of protein function.
These observations allowed us to suggest that genetic mechanisms controlling venom variability are not re-
stricted to selection of gene copies or mutations in structural genes but also to selection of the mechanisms
controlling gene expression, contributing to the plasticity of this important phenotype for venomous snakes.

1. Introduction This variation is widely interpreted to represent adaptive variation that
allows subduing and digesting prey or for defense against predators

Snake venoms show widespread variation in composition not only [4-6]. Venom heterogeneity also has important medical consequences
within and between species but also at higher taxonomic levels [1-3]. by causing significant differences in venom toxicity and pathogenicity
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[7-9]. For example, broad differences in venom composition have been
observed at multiple levels in rattlesnakes. In general, rattlesnake ve-
noms can be classified as either type I or II according to the pre-
dominant expression of SVMP or PLA, phenotypes, respectively [10].
The occurrence of type I or II phenotypes has been reported in closely
related species [11], within the same species (depending on their geo-
graphical distribution) [12,13] or during their ontogeny [14]. This
phenotypic variation results in functional variation: the phospholipases
in type II venoms exhibit neurotoxic activity leading to high levels of
venom lethality [10] whereas type I venoms are considered coagulo-
toxic due to their high abundance in SVMPs, characterized as tissue-
damaging digestive enzymes that affect the hemostasis of prey [15].
Consequently, these shifts in rattlesnake venom phenotypes alter the
mechanisms by which prey are subdued (e.g. venoms with neurotoxic
versus hemostatic effects) with clear consequences for the pathology of
human envenomations.

In Bothrops pit vipers, PLA, molecules do not exhibit neurotoxic
activity; instead, they show a tissue-damaging myotoxic activity [16].
Perhaps as a consequence, the majority of Bothrops species show a
rattlesnake-like type I venom phenotype with high SVMP content [17],
with only a few examples of type II venoms, such as B. jararacussu
venom [18] which is usually less toxic (higher LDsg), at least in la-
boratory mouse models. Nevertheless, interspecific and intraspecific
variability have also been reported for venoms from Bothrops species
that show an SVMP-rich type I phenotype. Such variation arises through
differences in the abundance of specific venom proteins in each toxin
group, leading to a quantitative variability in venom activities. The
studies on venom composition for Bothrops species report that this type
of variation can be influenced by factors such as ontogeny [19,20],
gender [21], and broad scale geographical variation [22,23]. However,
to our knowledge, no previous studies in Bothrops have attempted to
characterize venom variation among specimens belonging to the same
ontogenetic stage, gender, and geographical location. The use of quali-
quantitative transcriptomics and proteomics approaches have been
used for addressing questions about the nature of links between geno-
types and phenotypes for adaptive traits like venom [24,25] and for
devising strategies used for antivenom development [26].

Here, we used transcriptomic and proteomic approaches to char-
acterize in detail venom variation for five individuals of the common
lancehead (B. atrox) sampled from two relatively close populations lo-
cated on the North and South banks of the Amazon River in the west of
Para State, Brazil. Previous analyses of pooled venom from individuals
from these populations showed broad similarity in HPLC profiles but
also differences in the sizes of specific venom peaks. Despite these
differences, functional analyses of pooled venoms from these popula-
tions showed that they are indistinguishable in terms of their functional
properties [27]. Other work has shown that these populations are ge-
netically distinct and diverged from each other < 0.5 MYR bp but re-
mained connected through low levels of gene flow [28]. Thus, these
populations exhibit similar venom phenotype likely due to adaptation
due to similar prey communities in similar habitats and therefore offer
the opportunity to use our ability to dissect in detail the molecular
variation in venom to assess whether common adaptive phenotypes
have the same or different molecular bases [29].

In the present work, we have also, we quantified venom variation in
unprecedented detail, both at individual and population levels, and
then understood its molecular basis in terms of differences in expression
and translation of different toxin proteins. We used transcriptomic and
proteomic analyses to quantify patterns of paralogue/isoform expres-
sion in each venom followed by linking the observed paralogues with
protein sequences, for which function had been previously determined,
to understand the role of each isoform in determining the observed
venom phenotype. We then used this information to assess three broad
questions about the molecular basis of adaptive phenotypic variation
using venom as model: 1) What role does expression and translation
play in generating phenotypic variation in a complex molecular
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adaptation? 2) Is there a difference in patterns of variation among
different functional categories of venom proteins? 3) Do functionally
similar venom phenotypes have the same or different molecular bases?

2. Material and methods
2.1. Snakes and venoms

Individual B. atrox adult female snakes were collected from two
locations in the western part of the State of Para, Brazil. Two specimens
were collected from a recently cleared pasture area, which was pre-
viously an upland forest in the municipality of Oriximin4, on the North
shore of the Amazon River (S 01°46’03.39”; W 55°43’53.31”) and three
specimens were collected in Floresta Nacional do Tapajés, a National
Forest located in the municipality of Belterra, next to the Tapajés River,
about 80km south of the Amazon River (S 03°03’59.03”; W
54°58’8.94”), under ICMBio/SISBio license 32098-1. After capture, the
snakes were immediately transferred to the Herpetarium of Faculdades
Integradas do Tapajos, in Santarém, and anesthetized using CO, for
venom extraction. Venom samples were collected using manual ex-
traction techniques and individually freeze-dried for proteomic studies.
For transcriptomic analysis, total RNA was extracted from venom gland
tissue collected four days after venom extraction. The snakes were
anesthetized with sodium pentobarbital (30 mgkg ~?, s.c.) and decapi-
tated. Venom glands were then dissected and immediately frozen in
liquid nitrogen followed by storage at —80 °C for further mRNA isola-
tion. Animal care and procedures used in the handling of snakes were in
accordance with the guidelines of the Ethical Committee for Animal
Research of Instituto Butantan (1244/14).

2.2. Venom fractionation by reverse phase chromatography

Individual B. atrox venoms were fractionated using reversed-phase
high-performance liquid chromatography (RP-HPLC) following pre-
viously described methods [17]. Briefly, 5mg of crude lyophilized
venom was dissolved in 250 pL of 0.1% trifluoroacetic acid (TFA) and
injected onto a Vydac C18 column (250 mm X 4.6 mm, 10 um particle
size) coupled to a Shimadzu LC 20 - AT HPLC system. Proteins were
eluted at 2 mL/min with a gradient of 0.1% TFA in water (solution A)
and 0.1% TFA in acetonitrile (solution B) (5% B for 5min, 5-15% B
over 10 min, 15-45% B over 60 min, 45-70% B over 10 min, 70-100%
over 5min, and 100% B for 10 min). The fractionation was monitored
at 214 nm.

2.3. Proteomic characterization by shotgun mass spectrometry

Replicates of each individual venom sample (50 ug of protein) were
reduced and alkylated before treatment with trypsin solution (0.2 pg/
uL), as previously described [30]. The tryptic digests were desalted
using in-house made columns packed with Poros R2 resin (Life Tech-
nologies, USA) and subjected to reversed-phase nanochromatography
coupled to nanoelectrospray high resolution mass spectrometry for
peptide analysis. Each digest was analyzed in triplicate in the mass
spectrometer, as previously described for proteome analysis of several
bothropic venoms [27].

Tandem mass spectra were processed and searched against an in-
house database using the search tools Mascot (Matrix Science, London,
UK; version 2.4.1) and X! Tandem (The GPM, thegpm.org; version
CYCLONE (2010.12.01.1)). The database used to identify the MS/MS
spectra is composed of the full-length precursor proteins predicted from
the transcriptomes of the same five specimens of B. atrox described in
this manuscript. Protein identification was based on the presence of
proteotypic peptides relating to each venom protein isoform; search
parameters were as described in the literature [27].

Scaffold (version Scaffold_4.6.1, Proteome Software Inc., Portland,
OR) was used to validate MS/MS-based peptide and protein
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identifications. Peptide identifications were accepted if they could be
established at > 99.0% probability by the Scaffold local FDR algorithm.
Peptide identifications were also required to exceed specific database
search engine thresholds, such as Mascot ion scores > 40.0 and/or X!
Tandem -Log (E-value) scores > 2.0. Protein identifications were ac-
cepted if they could be established at > 99.0% probability to achieve an
FDR < 1.0%. Protein probabilities were assigned by the Protein
Prophet algorithm [31].

Quantitative values of protein for identifications at isoform and
protein class levels for venom analyses (Supplementary Table 2) were
expressed as exclusive spectral count, corresponding to the number of
spectra attributed to proteotypic peptides of a given protein entry
present in the database. Spectra for different charge states and/or dif-
ferent allowed modifications (e.g. deamidation of asparagine) related to
proteotypic peptides were also computed.

2.4. Transcriptomic analyses

Total RNA was extracted from independent frozen glands homo-
genized in a tube containing Trizol (Invitrogen, Life Technologies
Corp.) as described [32]. The mRNA was purified by affinity to mag-
netic beads containing oligo (dT) using the Dynabeads® mRNA DIRECT
kit (Invitrogen, Life Technologies Corp) and used to prepare in-
dependent cDNA libraries for left and right venom glands from each
snake. Ten cDNA libraries (2 per individual snake, right and left venom
glands) were prepared following the protocol for TruSeqTM RNA
Sample Preparation Kits v2 from Illumina, and sequenced using the
HiSeq1500 Illumina technology, generating strand-specific paired-reads
of 2 X 150 bp. The raw sequencing reads were pre-processed by an “in
house” pipeline for sequencing quality control, to trim and remove
reads with low-complexity and homopolymer enriched regions, poly-A/
T/N tails, the adapter sequences and low-quality bases with the soft-
ware fastq-mcf 1.04.662 [33] and bowtie2 2.2.5 [34]. Reads were fil-
tered out if > 90% of a read corresponded to homopolymer or low-
complexity regions, and they were trimmed if the mean quality score
was lower than 25 in a window size equal 15. After trimming, all reads
smaller than 40 bp were discarded.

After pre-processing the sequence reads, the remaining high quality
sequences were used for transcriptome assembly and annotation. Two
approaches were applied for assembly: we used the assembler
SeqManNGen 11.2.1 (DNAStar Genomics Suite) following Rokyta et al.
[35], using default parameters, with minimum identity of 90% and
keeping only transcripts with at least 100 reads. Afterwards, we used
the Extender program [36] for the De novo assembly, in multiple cyclic
rounds, of seeds formed by 1000 random reads to extend the toxin
transcripts partially generated by SeqManGen assembler. After the as-
sembly and annotation, a database consisting of Bothrops atrox genes
from specific toxin families was created from transcripts of the venom
glands of five specimens of B. atrox, analyzed as described above. The
MasterSet was curated using the CLC Genomics Workbench 7.5.2 pro-
gram, the transcripts were aligned within each toxin family and groups
of sequences showing > 99% identity were considered copies of the
same gene.

To estimate the relative abundance of gene expression for specific
transcripts, a subset of 1.5 million reads (paired-end) was created for
each library and mapped back to the MasterSet genes using bowtie2
software [34], with parameters: “~no-mixed —no-discordant —gbar 1000
-end-to-end -q -X 800”.The expression profile analysis was initially
performed considering each library individually (left and right glands
separately). Nonetheless, since they showed similar results, the ex-
pression profile analysis was based on combined counts of the two
glands of each individual, resulting in five total samples (one per in-
dividual). To calculate the number of RNA-seq reads or fragments de-
rived from transcripts, we used the RSEM (RNA-seq by Expectation
Maximization) software [37], and then computed transcript abundance
(Expected count), and the normalized expression values as FPKM
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(fragments per kilobase of transcript per million mapped reads). To
estimate the differentially expressed transcripts in at least one pairwise
sample comparison, we used the edgeR software [38] and used the
Expected_count values option. To compare expression levels of different
transcripts or genes across samples we performed an additional TMM
(trimmed mean of M-values) scaling normalization that aimed to ac-
count for differences across all samples [38,39]. Given a set of differ-
entially expressed transcripts, the normalized expression values (TMM-
FPKM) for each distinct sequence was used to perform hierarchical
clustering analysis, resulting in grouping together those samples that
had similar expression profiles according to transcripts and to group
transcripts with similar expression patterns across samples, which were
at least fourfold differentially expressed with a false discovery rate of
le—3.

2.5. Sequence alignments and gene tree analyses

Prediction of biological function for specific B. atrox sequences was
inferred using phylogenetic analysis to identify homologous venom
sequences in other species for which detailed experimental functional
analysis had been completed. Complete cDNA sequences were trans-
lated into their predicted proteins (expasy.ch, translate tools) and
subjected to blastp search (ncbi.nlm.nih.gov) in order to find the closest
primary-structure-related toxins which had their function experimen-
tally characterized. Prior to phylogenetic constructions, the cDNA-
translated amino acid sequences were partitioned into six groups ac-
cording to their major toxin family and sub-classification within the
family: 1 - PIII class SVMPs; 2 - PI class SVMPs; 3 - SVSPs, 4 - PLA2; 5 -
CTL a-chains and; 6 - CTL B-chains. In each group, we included toxin
sequences from other species' venoms with well characterized biolo-
gical activities: Jararhagin, B. jararaca (P30431.1); Hemorrhagic Factor
3, B. jararaca (Q98UF9.3); Vascular apoptosis-inducing protein 1,
Crotalus atrox (Q9DGB9.1); Berythractivase, Bothrops erythromelas
(Q8UVGO.1); VaF1, Vipera ammodytes ammodytes (AJC52543); BaP1, B.
asper (P83512.2); Atroxlysin-I, B. atrox (P85420.2); Batroxobin, B. atrox
(AAA48553.1); PA-BJ, B. jararaca (P81824.2); KR-E-1, Gloydius ussur-
iensis (Q7SZE2.1); Basic PLA2 myotoxin III, B. asper (P20474.2); Basic
PLA2 myotoxin II, B. asper (P24605.3); BthA-I-PLA2, B. jararacussu
(Q8AXY1.1); Factor IX-binding protein, Protobothrops flavoviridis
(Q7LZ71.1); Rhodocetin, Calloselasma rhodostoma (D2YW40.2); GPIB-
binding protein, B. jararaca (Q9PSM5.1); Botrocetin, B. jararaca
(P22030.2); Bothrojaracin, B. jararaca (Q56EBO0.1); Agkicetin-C,
Deinagkistrodon acutus (Q9DEA1.1); Jerdonibitin, Protobothrops jerdonii
(D1MGU1.1); EMS16, Echis multisquamatus (Q7T2Q1.1). We also in-
cluded other structurally-related, but phylogenetically more divergent
proteins to root the phylogenetic trees. For each group of toxins, the
sequences used as root were the following: for PIII class SVMPs, ADAM
2 from Mus musculus (Q60718); for PI class SVMPs, Jararhagin from B.
jararaca (P30431); for SVSPs, thrombin from Gekko gecko (AAA49309);
for PLA2, PA2c from Notechis scutatus (AAB20783); for CTL a-chains
and B-chains, Lectin-C type from Notechis scutatus (ABP94117).

Protein sequences were aligned with the iterative refinement
method E-INS-i using a BLOSUM62 scoring matrix as implemented in
MAFFT v7.309 [40]. The best-fit models of evolution were selected for
each alignment using corrected Akaike Information Criterion (AICc)
implemented in PartitionFinder2 [41]. Maximum likelihood (ML)
phylogenetic trees were estimated using RAXML v.8.2.3 [42]. The rapid
bootstrap algorithm performed by RAXML (—f a) was used to generate
1000 pseudoreplications of non-parametric bootstrap aiming to esti-
mate support values (BS) for each clade. This algorithm also conducts a
complete search of ML using each 5th bootstrap tree as a starting tree
for the rapid hill-climbing search (total of 200 starting trees). The non-
parametric Shimodaira-Hasegawa-Like (SHL) test of topologies [43,44]
was also performed as implemented in RAXML v.8.2.3 (-f E). BS and
SHL tend to be considered as complementary methods to estimate
branch supports [44], with SHL performing better on short branches or
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Fig. 1. Comparison of the elution profiles of venoms from individual snakes. Samples containing 5mg of crude lyophilized venom from individual snakes were
applied to a Vydac C-18 column (4.6 X 250 mm, 10-um particle size) coupled to an Agilent 1100 HPLC system. The fractions were eluted at 2 mL/min, with a
gradient of 0.1% TFA in water (solution A) and 0.1% TFA in acetonitrile (solution B) (5% B for 5 min, 5-15% B over 10 min, 15-45% B over 60 min, 45-70% B over
10 min, 70-100% B over 5 min, and 100% B for 10 min). The separations were monitored at 214 nm. Peaks that displayed noticeable changes are numbered and their
most abundant protein family indicated according to the standard MS/MS analysis of B. atrox venom chromatographic fractions [27].

polytomies.

3. Results
3.1. Individual chromatographic profile comparisons

Comparisons of the chromatographic profiles of the venom from
individual snakes collected from sites North (ATXO 15 and ATXO 16)
and South (ATXF 24, ATXF 30 and ATXF 31) of the Amazon River in-
dicate differences among individuals within and between these popu-
lations. In Fig. 1 we show the chromatograms obtained for each venom
fractionation by RP-HPLC, performed according to a standard proce-
dure already used for comparisons of other B. atrox venoms [17,27].
The venom profiles of the five snakes were conserved with respect to
position of most peaks eluting at similar retention times. However, the
heights and areas of some peaks were variable among the venoms,
suggesting quantitative differences in the expression levels of some
toxins. Although these comparisons were not subjected to statistical
analyses, due to small sample size, some differences in % area of in-
dividual peaks could be noted among the venoms. For example, peak 12
was present only in the two samples from the North side of the Amazon
(ATXO 15-4.7% and ATXO 16-7.3%) whereas peak 8 was evident in
venoms from snakes collected on the South side of the river (ATXF
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24-4.8%, ATXF 30-4.7% and ATXF 31-3.8%). Moreover, the venom of
snake ATXO 15 was unique in showing detectable areas under peaks 5
(7.3%) and 13 (16.7%); ATXO 16 presented a larger peak 19 (5.7%);
ATXF 30 was the only one with a high peak 20 (14.5%). These fractions
had their composition identified in a parallel study from our laboratory
[27] and include predominantly important toxins such as PLA,s (frac-
tions 5 and 8), CTLs (fractions 12, 13, and 19) and SVMPs (fraction 20).
The data suggest differences in functionally relevant venom proteins
among individual snakes and between the populations even though the
overall functional properties of pooled venoms from each population
are similar.

3.2. Transcriptome analyses

To assess the molecular mechanisms that underlie this variability,
we analyzed the transcriptome of each snake venom gland and the
individual venom proteomes, through the use of the translations of the
transcriptomic datasets for protein identification. These data were used
to evaluate transcriptional and translational levels of each independent
toxin gene. High coverage transcriptomes of each specimen were ob-
tained through Illumina cDNA sequencing (at least 60,000,000 reads
for each snake) from ten cDNA libraries prepared from mRNA isolated
from right and left glands of the snake. These sequences were assembled
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and annotated for identification and quantification of specific toxin
groups. After a preliminary assembling and annotation, we obtained
390 sequences related to toxins across all individuals. The sequences
with at least 99% identity were grouped, resulting in a venom master-
set of 152 different clusters (unigenes) composed of the complete se-
quences of all major toxin groups. The resulting unigenes were de-
posited in the GenBank TSA repository (Gene Bank SRA SRP056745)
linked to Bioproject PRINA279987 and individual sequences are under
the accession numbers JAV01810.1 — JAV01961.1.

Distinct transcripts were present for major toxin groups: the largest
number of paralogues was observed for the C-type lectins (CTL) group,
which contained 29 and 26 sequences of alpha and beta chain re-
presentatives, respectively. Snake venom metalloproteinases (SVMP)
accounted for 42 sequences, including 6 from P-I, 8 from P-II, and 28
for P-III classes of SVMPs. Twenty snake venom serine proteinase
(SVSP) and 6 phospholipase A, (PLA,) sequences were also identified. A
reduced number of different transcripts were observed for Kunitz type
proteins (KUNITZ - 3 sequences), vascular endothelial growth factor
(VEGF - 5 sequences), and L-amino acid oxidase (LAAO - 2 sequences).
Also, single transcripts of cysteine-rich secretory protein (CRISP), nerve
growth factor (NGF), hyaluronidase (HYAL), nucleotidase (NUC),
phosphodiesterases (PDE), and waprin-like proteins (WAP) were de-
tected. Thirteen transcripts of bradykinin-potentiating peptides (BPP)
were identified, but these corresponded mostly to truncated forms of
similar sequences. The annotation of these sequences and their func-
tional inferences is detailed in Supplementary Table 1.

The expression level for each transcript was evaluated by a nor-
malized count of the reads mapping to each transcript (expected
counts). Based on these data (Supplementary Table 2), we first analyzed
the relative abundance of total transcripts coding for each of the toxin
families in each snake, followed by a comparison of the expression level
of each independent transcript. With respect to the abundance of the
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toxin families, the overall composition of transcriptomes from glands of
each snake was similar (Fig. 2), with a predominance of SVMPs
(60.8-79.8%) followed by CTLs (4.9-19.5%), PLA,s (4.4-7.3%), and
BPPs (3.3-4.7%). SVSP (1.9-3.8%) and LAAO (1.6-2.8%) transcripts
were less abundant in all glands with NUC, CRISP, PDE, and NGF
contributing to < 1% of the total transcripts found in the venom glands.
However, differences between individuals were also present such as the
predominance of SVMPs transcripts in ATXO 15, ATXF 30, and ATXF 31
venom glands, with a major P-III class SVMP distribution in ATXF 31,
and the highest proportion of P-I rather than P-III class SVMP tran-
scripts in ATXO 15. In parallel, the percentage of CTLs was higher
among ATXO 16 and ATXF 24 transcripts.

We then used heatmap analysis to assess similarities among the
overall expression levels of venom glands, right and left glands from the
same snake, and between individuals and populations. As shown in
Fig. 3, there was a high correlation of expression between the right and
left glands of the same snake, which confirms that there are no sig-
nificant differences in expression between the left and right glands of
the same snake. However, there were differences between individuals,
especially between those from different populations on either side of
the Amazon River, which suggests relevant differences in transcription
levels between populations.

We then analyzed the patterns of transcription for individual para-
logs in each snake (Supplementary Table 2). Among the 152 toxin se-
quences identified, only 28 had similar expression levels in all in-
dividuals. These transcripts corresponded to the groups represented by
a single sequence (CRISP, HYAL, NGF, NUC, and PDE) or a few se-
quences (KUNITZ, LAAO, and VEGF). However, uniform expression was
also noted for some of the transcripts coding for toxins belonging to the
major toxin groups. Of interest, in these groups, the uniform distribu-
tion was restricted to the most abundant transcripts of PLA,s
(BATXPLA2), SVMPs (BATXSVMPIII28), and SVSPs (BATXSVSP2),

ATXO 16

4.2%-0.1% 0.1%

0.2%

mSVMP P-ll mSVMP P-l. = SVMP-PI =CTL
R PLA2 uSVSP CRISP uLAAO
5.8% mNUC = PDE BPP = VEGF
=WAP mHYAL KUNITZ uNGF
1.79
ATXF 30 * ATXF 31

A 3|.3% 0.1%

4.2%

Fig. 2. Transcriptomic profile of the venom glands of Bothrops atrox. Relative expression indicated by the percentage of total expression values (expected counts) of
transcripts identified in the snakes. Transcripts were grouped according to the toxin families: BPP - bradykinin-potentiating peptide; CRISP - cysteine-rich secretory
protein; CTL - C-type lectin; HYAL - hyaluronidase; KUNITZ - Kunitz type protein; LAAO - L-amino acid oxidase; NGF - nerve growth factor; NUC - nucleotidase; PDE -
phosphodiesterase; PLA, - phospholipase A, SVMP - snake venom metalloproteinase, classes PI, PII or PIII; SVSP - snake venom serine proteinase; VEGF - vascular

endothelial growth factor; WAP - waprin-like protein.
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Fig. 3. Heatmap showing the hierarchically clustered Spearman correlation matrix resulting from comparing the transcript expression values (TMM-normalized

FPKM) for each pair of samples.

whereas most of the less abundant paralogs showed more variable ex-
pression levels. The expression levels of the other 124 transcripts that
were differentially expressed in the five subjects were then compared.
In Fig. 4 we show the heatmap of the expression levels of individual
transcripts for each snake. Differences in expression levels were ob-
served both individually and among specimens from each population.
According to the distribution of expression levels among individuals,
transcripts were grouped in three major clusters, which included
paralogues from all the major toxin families. The transcripts that made
up the first cluster were common to venom glands of snakes collected
on the south side of the Amazon River, while the transcripts from the
second cluster were more prominent in the venom glands of northern
snakes. Three sequences were grouped in cluster 3 since were almost
entirely restricted to the snake ATXO 16. These observations support
the idea that different paralogues are differentially expressed in the
snakes from populations on the North or South sides of the Amazon
River; however, we understand that the sample size used in this study is
still limited and the feature should be further confirmed within a larger
sample.

3.3. Correlations between transcription and translation

Our next step was to identify the proteins in the venom samples
collected from each snake and to evaluate the correlation between le-
vels of transcript expression and protein abundance. Venoms were
subjected to “shotgun” proteomic analysis, in which approximately
9000 MS/MS spectra were identified in each sample using the tran-
scriptome data described above as source for protein identification
(Supplementary Tables 2 and 3). The relative distribution of the iden-
tified groups of toxins is shown in Fig. 5 and the correlation between
levels of transcription and expression in the venoms is presented in
Fig. 6. All the major toxin groups represented in the transcriptomes
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were detected in the proteomes, and SVMPs were also the most abun-
dant proteins identified; however, their relative abundance was lower,
when compared to other protein groups, than what was observed in the
transcriptome data. In contrast, the relative percentage of CTLs, SVSPs,
and LAAOs in the venom (Fig. 5) increased significantly as compared to
the transcriptomes (Fig. 2). The scatter plot in Fig. 6 shows a correlation
between the total number of transcripts encoded by each gene family
and their cumulative proteomic abundance in each snake specimen
analyzed. For almost all comparisons, the toxin families abundant in the
individual transcriptome were also abundant in the same individual
proteome as well as toxin families with low abundance of transcripts
were poorly represented in the proteome. The exception was the BPP
protein family. The transcripts coding for the members of this family
predict precursor proteins that undergo post-translational processing
leading to small bioactive peptides, which are not optimally detected by
the MS analysis and data interpretation pipeline used in this work. This
was clearly demonstrated in the literature for the determination of
Bothrops jararaca venom proteopeptidome, where the authors used
distinct mass spectrometry acquisition and data analysis conditions for
the proteomic and peptidomic analyses [45].When analyzing the cor-
relation between transcription and venom abundance of each gene
paralog expressed in each snake, the lack of correlation between tran-
scriptomic and proteomic levels was evident across all five snakes
(Fig. 7), suggesting that mechanisms affecting protein translation, such
as changes in mRNA/protein turnover, may act differentially on each
transcript within a single toxin family. The most striking differences
were noticed for CTL paralogs, for which a number of relatively highly
transcribed genes exhibit little to no proteomic representation. In
contrast, the toxins with highest expression levels, such as SVMPs,
showed similar transcriptional and translational activities (Fig. 7).
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Cluster 1
1. BATXSVMPII2 22. BATXSVSPl6 43. BATXCTL50
2. BATXVEGF2  23. BATXSVMPIII7 44. BATXPLAL
3. BATXCTLA2  24. BATXCTL34  45. BATXPLAG
4. BATXWAP1  25. BATXSVSP7  46. BATXCTL24
5. BATXBPP12  26. BATXCTL16  47. BATXCTLS3
6. BATXBPP11  27. BATXCTLI3  48. BATXCTL38
7. BATXSVMPIII1728. BATXSVMPIII8 49. BATXCTL35
8. BATXSVSP12 29. BATXCTL32  50. BATXCTL11
9. BATXSVMPIII4 30. BATXSVMPIII1851. BATXCTL36
10. BATXSVMPIII2031. BATXCTL49  52. BATXCTL25
11. BATXSVMPI3 32. BATXCTL54  53. BATXCTL23
12. BATXSVMPI2 33. BATXSVMPIII2254. BATXCTL27
13. BATXSVMPIL 34. BATXSVSP19 55. BATXCTL4O
14. BATXSVMPIII2535. BATXSVMPII2156. BATXCTL19
15. BATXSVSP20 36. BATXCTL26  57. BATXCTL22
16. BATXSVMPIII2437. BATXBPP9  58. BATXCTL37
17. BATXSVSP10 38. BATXCTL44  59. BATXCTL1S
18. BATXSVMPIII5 39. BATXCTLS5  60. BATXCTL2
19. BATXCTL14  40. BATXCTLIO  61. BATXCTL33
20. BATXSVMPIII3 41. BATXCTLI2  62. BATXCTL4S
21. BATXSVSP17 42. BATXBPP10

Cluster 2
63. BATXSVMPIIIL6  84. BATXBPP13 105. BATXSVMPII3
64. BATXCTL1S 85. BATXSVMPIII23  106. BATXPLAS
65. BATXCTL4 86. BATXCTL51 107. BATXPLA3
66. BATXCTLS 87. BATXCTL9 108. BATXCTL48
67. BATXCTL43 88. BATXSVMPIII26  109. BATXBPP1
68. BATXCTL3 89. BATXBPP4 110. BATXCTL47
69. BATXSVMPIIS 90. BATXVEGF4 111. BATXCTL41
70. BATXSVMPII8 91. BATXBPP3 112. BATXCTL39
71. BATXSVSP5 92. BATXSVSP11 113. BATXCTL31
72. BATXSVSPS 93. BATXSVMPIII27  114. BATXSVSP1
73. BATXCTLS2 94. BATXSVMPIIIL3  115. BATXCTLY
74. BATXSVSP15 95. BATXSVMPIII10 116. BATXCTL6
75. BATXCTL29 96. BATXSVMPII2  117. BATXBPP2
76. BATXSVMPII4 97. BATXSVSP3 118. BATXCTL17
77. BATXSVMPIII14  98. BATXBPP6 119. BATXBPPS
78. BATXBPPS 99. BATXCTL21 120. BATXBPP7
79. BATXSVSP9 100. BATXCTL46 121. BATXCTL20
80. BATXSVSP18 101. BATXSVSPA4

ATXF30  s1. BaTXsVMPIS 102. BATXCTLS

82. BATXSVMPII1 103. BATXSVMPI6
83. BATXSVMPI4 104. BATXSVMPIII9

Cluster 3

122. BATXVEGF5 123.BATXPLA4 124.BATXCTL28

Fig. 4. Hierarchical clustering of transcripts and samples. Shown is a heatmap with the relative expression levels of each transcript (rows) in each sample (column).
Rows and columns are hierarchically clustered (WARD method). Expression values (TMM-normalized FPKM) are log2-transformed and then mean-centered by

transcript.

3.4. Functional inferences

The next step was to evaluate whether the functional role of each
toxin could explain differential expression of each paralog. For this
purpose, we interpreted close similarity of any B. atrox transcripts with
transcripts from other species as evidence for conserved venom function
across species. Thus, we selected sequences of each paralog of the main
toxin groups (SVMPs, SVSPs, CTLs, and PLA,s) and compared to se-
quences of toxins with well-established functions in other venomous
snakes as assessed by previous studies using experimental approaches.
In this regard, it is important to note that SVMPs, SVSPs, CTLs, and
PLA,s are the most abundant toxin families in snake venoms and also
the proteins commonly related to impacts on prey hemostasis. Bothrops
venoms are understood as coagulotoxic and other low abundance toxin
families in the venom, such as CRISPs, LAAOs, and other minor enzy-
matic components have not yet been related to serious disturbances in
the coagulation system, at least for mammals, and were analyzed in this
part of our study.

Fig. 8 shows the ML tree that best represents the phylogenetic re-
lationships between PIII class SVMP sequences identified in this study,
including sequences of functionally-characterized proteins, along with
the proteomic expression level of each paralog. The most abundant B.
atrox paralog, BATXSVMPIII 28, which was equally abundant in all
snakes, groups together with the previously well-characterized Bothrops
SVMP jararhagin with high SHL and bootstrap values (100 and 99,
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respectively) to support that claim. This group is also supported as an
independent clade by high values of SHL (Fig. 8). BATXSVMPIII 28
presents 96% identity with Bothrops SVMP jararhagin, and conversely
the identity varies between 54% and 68% within other sequenced
paralogs. The sequence predicted by BATXSVMPIII 28 was identical to
the sequence experimentally defined for batroxrhagin, a hemorrhagic
SVMP recently isolated in our laboratory from venoms of B. atrox col-
lected in natural environment or kept under captivity [46]. Jararhagin
is a P-III class SVMP isolated from B. jararaca venom [47] which is a
versatile toxin displaying many different biological functions, such as
hemorrhagic, pro-inflammatory, anti-platelet, and apoptosis inducing
activities [48]; batroxrhagin also shows similar activities [46]. Inter-
estingly, jararhagin-like SVMPs were isolated from other venoms from
Bothrops snakes such as B. atrox and B. alternatus [46,49]. In a blast
search, proteins with high identity to jararhagin were also detected in
venoms from other vipers, including Crotalus durissus (Q2QA02.1),
Crotalus viridis (C9E1R8.1), Crotalus atrox (Q9082.1), Gloydius brevi-
caudus (POC7B0.2), and Deinagkistrodon acutus (QOW6MS5.2). The pre-
sence of similar and possibly homologous proteins in different genera
suggests that the high expression level of this gene copy may be an
adaptive advantage among some viper snakes. The remaining branches
include sequences with a greater number of paralogous transcripts but
lower expression levels (Fig. 8). Differential expression levels in the
venoms were clearly noted in the branches with sequences similar to
HF3 and berythractivase. HF3 is a highly hemorrhagic SVMP from B.
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Fig. 5. Proteomic profile of the individual venom samples. Relative expression indicated by the percentage of total expression values (exclusive spectral count) of
toxins identified in the venoms. Toxin isoforms were grouped according to the toxin families: BPP - bradykinin-potentiating peptide; CRISP - cysteine-rich secretory
protein; CTL - C-type lectin; HYAL - hyaluronidase; LAAO - L-amino acid oxidase; NGF - nerve growth factor; NUC - nucleotidase; PDE - phosphodiesterase; PLA, -
phospholipase A,, SVMP - snake venom metalloproteinase, classes PI, PII or PIII; SVSP — snake venom serine proteinase; VEGF - vascular endothelial growth factor.

jararaca venom [50] while berythractivase is a non-hemorrhagic pro-
coagulant SVMP, from B. erythromelas venom [51]. These SVMPs in-
teract with different physiological targets enhancing the overall spec-
trum of action of SVMPs. Interestingly, a greater number of HF3- and
berythractivase-related transcripts were found in the venom, most of
them with differential expression levels. These observations suggested
to us that the expression of each paralog may be controlled by different
mechanisms in which the functional importance of the toxin may be a
relevant factor that results in its individual expression level tuning.
Similar patterns arose from the analysis of the other groups of toxins
indicating that the most expressed venom toxins are limited to a few
paralogs showing homology to functionally characterized toxins. In

class P-I SVMPs (Supplementary Fig. 1), only one paralog (BATXPI3)
had significant and uniform expression levels in all venoms and was
homologous to atroxlysin-I, a hemorrhagic P-I class SVMP that con-
tributes significantly to the biological activity of B. atrox venom
[52,53]. With respect to SVSPs (Supplementary Fig. 2), the paralog
(BATXSVSP2) coding for an isoform of batroxobin [54] was the most
expressed. Interestingly, two other copies (BATXSVSP3 and BATXS-
VSP1) grouped together with BATXSVSP2 in a highly supported clade,
but were only expressed in snakes collected on the northern shore of the
Amazon River, ATXO 15 and ATXO 16. In the other branches of the
SVSP tree, three other paralogs showed noticeable expression in the
venoms, one of them, BATXSVSP13, is homologous to KR-E-1, a kinin-
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releasing enzyme [55] that contributes to differential physiological
targets of SVSPs. With respect to PLA,s (Supplementary Fig. 3), all
snakes showed substantial expression levels of the BATXPLA2 tran-
script, which is homologous to Mtx-II from B. asper venom and other
K49 PLA,, catalytic inactive myotoxins, widespread in venoms of Bo-
throps snakes [56]. Other paralogue, BATXPLAG6, coding for the cata-
lytically active D49 myotoxic PLA; homologous to MtxIII from B. asper
venom [56], was highly abundant in individuals from the southern
population while the expression of BATXPLA4, homologous to BthAl,
predominated in one individual of the northern population.

The CTL group showed the highest variability in all parameters
evaluated. For the CTL group, we found the highest number of tran-
scripts with relevant expression levels in the venom (Supplementary
Fig. 4A and B), with two transcripts with high expression levels coding
for alpha and beta chains of Bothrojaracin and one transcript coding for
Bothrocetin alpha chain, only. However, differently from the other
groups, at least 7 paralogs coded for a-chains and 9 for B-chains
homologous to Bothrojaracin a- and p-chains, respectively, with low
and variable level of expression in each individual snake. Bothrojaracin
is a potent thrombin inhibitor isolated from B. jararaca venom [57].
Considering the expression of (-chain transcripts, only BATXCTL14,
responsible for the B-chain of Bothrojaracin, was expressed in all tested
individuals. Expression of all the remaining transcripts was low and
restricted to a few individuals in both sides of the Amazon River.

In summary, for each toxin family we detected the presence of
isoforms with sequence similarity to functionally important toxins that
are widespread in venoms of diverse viperid snakes and which were
present in high abundance in the venom proteomes of all five snakes
analyzed. We suggest these isoforms act as generalized core function
toxins, which have high expression levels in the venoms of viperid
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snakes and are responsible for key functional activities. In contrast, a
greater number of different transcripts in each toxin family are low and
differentially expressed, making a greater contribution to venom
variability, possibly serving as a reservoir of adaptive variation in the
toxic venom arsenal that can be used in rapid adaptive shifts in re-
sponse to environmental changes: these are adaptive toxins.

4. Discussion

Previous studies have documented variability in composition of B.
atrox venom over broad geographic scales but with a limited under-
standing of the molecular mechanisms responsible for this variation and
its functional significance. For example, important shifts during onto-
genetic development are observed in populations from Colombia and
Venezuela for which the venom profile of juveniles is dominated by
PIII-class SVMPs while adult snakes express predominantly PLA,s and
PI-class SVMPs [22,58]. In the Brazilian Amazon, B. atrox snakes do not
undergo ontogenetic shift show the PIII-class SVMP-rich venom char-
acteristic of juveniles from Colombia and Venezuela [22]. Our study,
although limited in sample size, provides the most detailed analysis of
venom variation within this species to date. It shows that there is sig-
nificant variation in expression levels of venom proteins among in-
dividuals and between geographically close populations on either side
of the Amazon River.

We observed quantitative differences in several groups of toxins
among the five individuals and these differences occurred even between
individuals within the same population (Fig. 1). Toxin groups that play
recognized roles in venom toxicity such as SVMP, SVSP, PLA,, and CTL
showed greater representation in the transcriptomes than protein
groups such as LAAO, CRISP, VEGF, NGF, HYAL, NUC, PDE, KUNITZ,
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Fig. 8. Functional inference of PIII-class SVMP isoforms present in the venoms of the different snake specimens. Complete deduced protein sequences of PIII-class
SVMPs were aligned together with sequences of jararhagin, Bothrops jararaca venom (P30431.1); hemorrhagic factor 3, B. jararaca venom (Q98UF9.3); vascular
apoptosis-inducing protein 1, Crotalus atrox venom (Q9DGB9.1); berythractivase, B. erythromelas venom (Q8UVGO.1); VaF1, Vipera ammodytes ammodytes venom
(AJC52543), which are PIII-class SVMPs isolated from different venoms with experimentally defined biological activities The maximum likelihood phylogenetic tree
was generated using RAXML. Numbers above and below branches represent SHL and bootstrap support values, respectively. Values smaller than 70% are not showed
and nodes presenting values of SHL smaller than 70% are collapsed to a polytomy. The size of the circles on the right indicates the number of exclusive spectrum
counts of MS/MS in each venom sample, which are represented by the different colors of the circles, as indicated in the figure.

and WAP (not yet related to major venom effects within this species)
that showed a low number or single transcripts (Fig. 2). This observa-
tion supports some previous assumptions that rates of gene duplication
are higher in functionally important gene families than in the so-called
“ancillary” toxin families, as LAAO and CRISP or other groups not so
important for venom toxicity [59].

With respect to transcript expression levels, our analysis revealed a
highly variable pattern among individuals (Figs. 3 and 4). Notably, the
most extensive quantitative variation was observed in the larger multi-
transcript groups, whereas the small (or single) transcript toxin groups
approached a uniform distribution among the individuals. However, an
interesting aspect observed was a variation of the number of transcripts
within each of the toxin groups. For SVMP, SVSP, and PLA,, the most
abundant transcripts were uniformly present among the transcriptomes
of the five snakes. Likewise, these transcripts coded for abundant iso-
forms in venom proteomes (Fig. 7). We interpret this as representing
expression patterns of “core function” venom loci, which encode mul-
tifunctional proteins that would be functionally important across spe-
cies for effectively subduing, killing or digesting different prey. This is
the case of BATXSVMPIII 28 that codes for the multifunctional toxin
batroxhagin [46]. However, the wide range of targets that these toxins
interact with may imply in medium to low affinity binding to prey re-
ceptors. In this case, the presence of other highly potent toxins would be
essential for a fine tuning of receptors interaction and prey specificity in
different environments. This function could be related to isoforms
BATXSVMPIII 7 or 8, which are similar to HF3, a highly hemorrhagic
SVMP [50]. Interestingly, the “core function” loci are also the genes
coding for toxins that undergo ontogenetic shifts in B. atrox [20],
supporting the hypothesis that they are controlled by distinct pro-
moters, that may also be sensitive to the action of hormones involved in
ontogenetic differentiation.

In terms of functional significance, the predominant toxin tran-
script/toxin isoform detected in the transcriptome/proteome corre-
sponds to batroxrhagin, a multifunctional hemorrhagic PIII-class iso-
lated from venoms of B. atrox snakes from nature or captivity [46].
Batroxrhagin shows functional and structural similarity to key toxins
from venoms of different species from Bothrops, Crotalus and Dei-
nagkistrodon genera: (1) 96% identity with the B. jararaca SVMP jar-
arhagin [48]; (2) 87% identity with catrocollastatin from Crotalus atrox
[60]; (3) 85% identity with acutolysin from Deinakistrodon acutus
venom [61]. In addition, the most abundant SVSP transcript, also uni-
formly expressed among the individuals, codes for batroxobin, a fi-
brinogenolytic toxin isolated from B. atrox venom that has been used in
clinical approaches [54], and that is 95% identical to bothrombin, a
fibrinogenolytic enzyme isolated from B. jararaca venom [62]. The
predominant PLA, transcript codes for a toxin with 90% identity to
bothropstoxin-I, a K49 phospholipase B. jararacussu homologue re-
sponsible for venom myotoxicity [63], and that was also uniformly
expressed and present in equivalent rates for transcription/translation.
Thus, in contrast to the perception that many venom genes are under
positive diversifying selection [64], our results suggest that genes
coding for core function toxins are apparently highly conserved in
venom glands of viperid snakes, supporting our hypothesis that dif-
ferent mechanisms of gene evolution are acting depending on the
function of the isoform encoded by each paralogue.

CTLs in B. atrox showed a different pattern of molecular variation.
This group of toxins accounted for a large number of transcripts (29 for
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a- and 26 for B-chains), indicating that gene duplications are also oc-
curring in the genes of this toxin family. However, most transcripts
presented low expression levels and were differentially expressed
among the individuals tested, encountering low correlation between
transcription/translation rates. Only a few transcripts code for proteins
with high identity to toxins already isolated and identified in other
venoms. Transcripts BATXCTL 39, 40, and 41 and BATXCTL 6 and 7
code for the a and P chains, respectively, of a toxin with > 90%
identity to botrocetin, which was isolated from B. jararaca venom, and
is able to affect platelet functions [65]. Botrocetin-like coding tran-
scripts were observed predominantly in the snakes collected on the
northern margin of the Amazon River and may represent an intrinsic
characteristic of this population of B. atrox snakes. Notwithstanding
these two botrocetin-like transcripts, most of the detected CTL tran-
scripts code for proteins with low identity levels (< 80%) to toxins
already isolated and identified in other venoms, suggesting that CTLs
are not conserved in venoms of viperid snakes.

Our results have evolutionary implications for understanding the
evolution of venom as an adaptive molecular phenotype. First, they
provide evidence for a positive link between levels of expression and
conserved function in venom proteins. This supports the hypothesis,
first proposed by [4], that broadly speaking the complex venom phe-
notype contains two functional classes of toxins that are related to
differences in their functional role in the overall venom phenotype in
terms of killing and digesting different prey [66]. In particular, high
abundance venom proteins found in most snakes in most populations
(labeled here as “core function” venom proteins) may be analogous to
highly expressed “housekeeping” proteins which perform a variety of
essential cellular functions [67] and perform generic killing and di-
gestive functions that are not prey specific. In contrast, toxins present at
low abundance (e.g. CTLs) may be more plastic in either evolutionary
or ecological timescales and serve to “customize” an individual snake's
venom to feeding on particular prey requiring a specific venom protein
[68].

Furthermore, our results suggest a molecular mechanism for in-
dividual and population variation that implies the use of different gene
loci or alternate expression of different venom alleles in different po-
pulations, as described in other studies [69,70]. The lack of correlation
between transcriptomic and proteomic levels indicates that mechan-
isms affecting protein translation may also influence the expression of
the venom phenotype. The demonstration of this work adds to the
emerging view that expression and translational differences play a
greater role in defining adaptive variation in venom phenotypes than
does sequence variation in protein coding genes [25].

Finally, the fact that whole venoms in each genetically distinct
population are functionally similar, yet show substantial variation in
transcript identity and abundance, provides evidence that adaptive
phenotypes may have different molecular bases in terms of the identity
and expression levels of specific transcripts. In other words, different
combinations of transcripts and expression levels may be responsible
for the same adaptive phenotype in different populations. This supports
the general idea that, even at the intraspecific level, similar adaptive
phenotypes can have different molecular mechanisms [71,72].

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jprot.2018.03.032.
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