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Abstract
Snake venoms contain many protein and peptide isoforms with high levels of sequence variation, even within a single species. When characterizing venoms, peptide mass fingerprinting using databases built predominately from protein sequences originating from model organisms can be disadvantageous, especially when the intention is to document protein diversity. Therefore, the use of species-specific venom gland transcriptomes corrects for the absence of these unique peptide sequences in databases. The integration of transcriptomics and proteomics improves the accuracy of either approach alone for venom profiling. In this review, we highlight several examples, from both published and unpublished work in our lab, demonstrating how a combined venom gland transcriptome and proteome methodology allows for comprehensive characterization of venoms, including those from understudied rear-fanged snake species, and we provide recommendations for using these approaches.
Article highlights:
· Use of a species-specific venom gland transcriptome allows for more accurate proteomic quantification of venom components
· Different databases bias proteomic results, and smaller databases increase detection sensitivity
· Species-specific databases better detect unique peptide sequences
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1.0 Introduction 
Snake venoms are complex oral secretions, composed of many proteins and peptides that function individually and/or synergistically to target multiple physiological systems in prey or predators [1]. Through the process of gene duplication and neofunctionalization, a single toxin family can have dozens of isoforms with different activities, all dependent on amino acid residue substitutions within a conserved family scaffold [2,3]. Profiling and characterizing the blend of toxins present in a venom and determining their sequences can be a daunting task, especially considering the documented variation in toxin diversity between individual snakes at both the transcriptome [4] and the proteome levels [5-8]. However, advances in sensitivity and high-throughput technology in the fields of genomics, transcriptomics and proteomics have provided powerful approaches to address these challenges [9]. The integration of these -omic fields in venom research has been termed ‘venomics’ [10-12].
Genomes provide locus-level resolution of variation of toxin genes and insight into the evolutionary processes generating sequence diversity, such as gene duplication, deletion, and single nucleotide polymorphisms [13-17]. Venom gland transcriptomes are useful to identify which genes are expressed, as variation in the expression of toxin gene isoforms has been well documented [18,19] and multiple gene duplications can create non-functional pseudogenes [15,20]. Venom gland transcriptomes can also be used to obtain the full amino acid sequences of expressed venom proteins. Determining these sequences from proteins directly, such as by N-terminal sequencing and de novo sequencing of tandem mass spectrometry (MS/MS) spectra can be performed, but these methods are labor-intensive, expensive, and complete protein sequences are not guaranteed, as some proteins are N-terminally blocked, do not exhibit sequence for efficient protease digestion, or do not ionize well for MS/MS. Additionally, a complementary proteomic approach is necessary to identify which toxins contribute to the expressed venom phenotype [21]. 
Although top-down proteomics strategies have been used for venom profiling [8,22], a bottom-up MS/MS or shotgun proteomic approach is more popular. A review of 89 Viperinae venom proteomes identified only six species where top-down methods were used [23]. For bottom-up approaches, proteins are first digested with proteases such as trypsin (most commonly used), chymotrypsin, or Glu-C, and the spectra generated from the proteolytic peptides are used to infer what proteins are present in the sample. The high-throughput identification of peptides from MS/MS is typically achieved using one of several database search engines, such as Mascot or SEQUEST [24,25]. For most model organisms, standard reference databases obtained from publically available repositories, for example UniProt [26], RefSeq [27], and Ensembl [28], can be used for this analysis. In contrast, the majority of non-model organisms, such as venomous snakes, have few or poorly annotated genomes, and insufficient protein sequence databases represent a major limitation to MS-based proteomics [29,30]. As a consequence, an increasing number of studies integrate transcriptomic-proteomic profiling, where the venom gland transcriptome is used to generate a species-specific protein sequence database for subsequent proteomic experiments [8,31-34] (Figure 1). This methodology has been used to explore many different venoms, including those from invertebrates (please refer to a review by Walker et al. for more invertebrate venom examples [35]). Here, we discuss several examples, from work in our lab, demonstrating how a combined venom gland transcriptomics and proteomics allows one to characterize snake venoms comprehensively. 

2.0 Identification of venom proteoforms: A case study in Boiga irregularis
Rear-fanged snake venoms have a compositional dichotomy similar to that seen in front-fanged venomous snakes, where venoms are either dominated by non-enzymatic three-finger toxins (3FTxs), similar to what is commonly observed in front-fanged Elapidae, or enzymatic snake venom metalloproteinases (SVMPs), similar to many venoms from front-fanged Viperidae [1,36,37]. Further, these rear-fanged snake venoms overall show lower complexity [38], making them ideal to study the evolution of these major venom protein families. 
	Venom from the rear-fanged Brown Treesnake (Boiga irregularis) is predominately composed of 3FTxs. The number of 3FTx isoforms is quite large, with 65 3FTx transcripts identified in the venom gland transcriptome of B. irregularis from Guam [8] and 58 from B. irregularis native to Indonesia [36] (both venom gland transcriptomes were from only one individual in each of these populations). There were extensive differences in 3FTx sequences between these geographic populations, with only a single 3FTx transcript found to share 100% identity between the two populations [8]. Irditoxin, a taxon-specific 3FTx complex [39], has been characterized from B. irregularis venom from Guam, and interestingly, neither venom gland transcriptomes had a transcript sequence that was 100% identical to those reported for either irditoxin A or B subunits, although transcripts were present that after translation and signal peptide removal would produce identical subunit sequences [8,36]. These results highlight the high diversity and rapid evolution of 3FTxs genes, consistent with the birth-and-death model of multigene family evolution [8,40].
A top-down MS analysis of adult B. irregularis venom from a snake from Guam identified a total of 30 3FTxs proteoform masses [8]. A different individual, also originating from Guam, was used for top-down MS than for the venom gland transcriptome, and remarkably, 3FTx proteoforms were detected that matched to translated transcripts from the Indonesian B. irregularis venom gland transcriptome and to masses in the range of 3FTxs that were unassigned to any specific 3FTx in either venom gland transcriptome [8]. This demonstrates that venom gland transcriptomes should be completed for multiple individuals to document full toxin transcript diversity for a given species [4], and if these sequences are to be used as proteomic databases, ideally also for individuals from different geographic regions. 

3.0 Quantification of venom proteins: A case study in Spilotes sulphureus
Integrated transcriptomics and proteomics are ideal for not only more accurate identification of venom proteins, but also for better protein quantification [41], as it allows for better detection of all peptide fragments generated by MS/MS. There are several label-free methods of MS/MS quantification, such as Normalized Spectral Abundance Factors (NSAF) [8], 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 [41,42], similarly used for iBAQ (intensity Based Absolute Quantification) [43,44]. Some proteomic analysis programs generate their own quantification numbers, such as the emPAI (exponentially modified Protein Abundance Index) number [45] from ProteinPilot and Mascot. To improve the accuracy of these methods, the use of a species-specific transcriptome-generated database can aid in the quantification of venom components and can provide exact protein sizes for NSAF calculations. 
To illustrate this point, the venom proteome of the Amazon Puffing Snake (Spilotes sulphureus) was evaluated several ways: via comparison with public databases (Figure 2A), with a transcriptome-guided reference database (Figure 2B), and via integration of identified peaks following size exclusion HPLC (SE-HPLC) fractionation of the venom (Figure 2C, absorbance measured at 220 nm). When protein family relative abundances were evaluated using a venom gland transcriptome database with NSAF calculations or the HPLC-derived proteome, values were quite comparable. The use of public databases tended to overestimate the abundance of certain proteins, such as L-amino acid oxidase (LAAO), resulting in a misleading characterization of the venom proteome with the same MS/MS settings (Figure 2A). LAAO was unlikely to be this abundant because LAAO enzyme activity had not been detectable in this venom [46]. The reason for this inflated estimate is likely because some venom proteins, such as LAAO, have high sequence conservation between different venomous snake species and therefore these shared peptide fragments are easily identified in public databases where the same sequence would be present. However, some toxin families, such as 3FTxs, exhibit low sequence conservation, and these unique peptide fragments are absent from databases. For example, S. sulphureus 3FTx isoform identities ranged from 21-99% in just one individual (Supplemental Figure 1A), even though there is conservation of the cysteine network creating the “three-finger” toxin fold (Supplemental Figure 1B). This exclusion of novel 3FTx peptide fragments from public databases resulted in the overestimation of low abundance, conserved toxins in the S. sulphureus venom profile. The use of a species-specific transcriptome to complement the venom proteome ameliorated this problem (Figure 2B), producing abundance estimations by MS/MS that matched what was observed with SE-HPLC fractionation and analysis (Figure 2C). It is also important to note that although the translated transcriptome is ideal as a species-specific database for MS/MS, there is not always a quantitative correspondence between the transcriptome and proteome [33,46]; however, it is usually seen that transcripts with the highest expression levels are also abundant in the venom [43]. 
Lastly, the venoms field has seen an increase in studies using shotgun proteomic label-free quantification (LFQ), such as intensity or spectral counting, to compare the abundance of different proteins in the same sample. This strategy, however, was developed to compare abundance changes of the same protein in different samples [47, 48], and is based on the assumption that the same protein will produce the same proteolytic peptides that ideally exhibit identical behaviors on the mass spectrometer. On the other hand, the different physicochemical properties of peptides derived from different parent proteins can, and often do, result in drastically different behaviors on the mass spectrometer. Therefore, comparing intensity or spectral counts generated from different peptides will result in incorrect and unreliable estimations of protein abundances, and as a consequence, we caution against the inappropriate use of LFQ (see [30]). There is also the general drawback to venom proteomics quantification with MS-based methodology in that it is difficult to compare across studies where there are differences in instrumentation and settings used.

4.0 Database considerations for venom proteins: A case study in Thamnophis elegans
A potential source of confusion when analyzing venom-derived MS data is whether spectra should be searched against just the venom gland transcriptome-derived species-specific database, or UniProt databases (restricted to Squamata) merged with the species-specific sequences. It has been shown that venom proteome results will vary with databases, Patra et al. saw differences between databases consisting of snake family, genus and species [49]. While ultimately one must consider the goals of the experiment, databases derived from venom gland transcriptomes provide highly specific protein sequences that will greatly improve peptide identifications and overall sequence coverage [50,51]. On the other hand, larger databases contain a plethora of irrelevant sequences, which for most species are not representative of the protein composition of their venom. The increased search space of larger databases reduces the number of successful peptide identifications by increasing the frequency of false assignments [50-55]. Therefore, it has been suggested that databases should be as compact as possible and include protein sequences believed to be in the sample [50].
To explore these database questions, we profiled the venom from the Western Terrestrial Garter Snake (Thamnophis elegans vagrans), which is currently unstudied. Venom was obtained from T. e. vagrans by manual extraction [56], solubilized in urea buffer, subjected to reduction, alkylation, and trypsin digestion and analyzed using a shotgun proteomics approach on an Orbitrap Velos mass spectrometer. We also dissected the Duvernoy's venom gland from T. e. vagrans, performed RNA-sequencing and de novo assembled a venom gland transcriptome for this species, using the same methodology as previously reported [32,46]. Predicted translated venom proteins were used as a species-specific database to identify and quantify the venom proteome. 
To compare several differences associated with searching two different databases, we searched spectra acquired from T. e. vagrans venom against a database derived from the de novo assembled T. e. vagrans venom gland transcriptome (referred hereafter as Thamnophis-only) and against the SwissProt/Trembl database restricted to Serpentes, merged with the venom gland transcriptome database (referred hereafter as the combined database). The combined database contains 631,016 entries, including reverse decoys and contaminants, whereas the Thamnophis-only database contains 418 protein sequences, including reverse decoys and contaminants. Data were searched separately against the two databases mentioned above with ProLucid [57], and the false discovery rate (FDR) was 1%. After filtering, the combined database search resulted in 2,095 spectra matching to 744 peptide sequences resulting in 407 identified proteins, although the vast majority of these proteins were non-venom proteins (Supplemental Table 1). Search results against the Thamnophis-only database resulted in 2,007 spectra matching 509 peptides resulting in 32 proteins, of which 28 were also identified in the combined database. Two waprin-like proteins, a serine protease inhibitor, and a C-type lectin subunit were not identified in the combined database search results (Figure 3). Of the 28 Thamnophis-specific proteins shared between the two database search results, 24 had greater sequence coverage for the Thamnophis-only database, and there was no difference in percent sequence coverage for the other four proteins (Figure 3A). There were also more spectral counts assigned to 25 of the 28 shared proteins for the Thamnophis-only database, and for 12 of the proteins there were >100 spectral count differences between the two databases (Figure 3B). This result is significant, as spectral counting has become an increasingly popular LFQ strategy for estimating protein abundance in venom-focused shotgun proteomics experiments (but see [30]). 

5.0 Unique peptide identifications for venom proteins: A case study in Crotalus oreganus helleri
Post-search filtering based on unique peptides (a peptide that matches to only one protein in the database) is often applied as a validation criterion for protein identifications [58]. The increased number of proteins in public databases can decrease the number of unique peptides, which, when used as a requirement (i.e. each protein must have n unique peptides to be considered positively identified), can actually result in a loss of valid protein identifications. This is especially apparent for venom proteins from front-fanged viperid and elapid species that have protein sequences that share a high degree of homology with other proteins in public databases. Again, as the venom gland transcriptome-derived databases contain highly specific protein sequences, many of the identified peptides will be unique to a specific protein. 
An example of how this can result in the loss of protein identifications can be seen when searching spectra from Southern Pacific Rattlesnake (Crotalus oreganus helleri) venom against the species-specific venom gland derived transcriptome [59] and looking at the kallikrein-like serine protease T1DE97. When the search was conducted against the venom gland transcriptome database for C. o. helleri, 13 unique peptides were assigned to this protein (Table 1). However, when searching the same spectra against the Swiss-Prot/TrEMBL databases (restricted to Serpentes) merged with the C. o. helleri protein sequences and requiring a minimum of 1 unique peptide for protein validation, T1DE97 is lost in the filtering step (see also [60]). Every unique peptide identified in the venom gland transcriptome only search is shared with at least one other protein in the Serpentes Swiss-Prot/TrEMBL databases (Table 1). While unique peptides can be utilized for distinguishing between protein isoforms [61], whether to apply this filtering step should be considered within the goals of the experiment. Undoubtedly, parallel venom gland transcriptomic and proteomic workflows allow for a more complete understanding of venom systems at the gene and protein level. The results presented here should also apply to most other species for which venom gland transcriptomes are available (e.g. [60]). 

Table 1. A list of unique peptides assigned to the kallikrein-like serine protease T1DE97 when spectra from C. o. helleri venom are searched against a species-specific venom gland transcriptome database [59]. Each unique peptide identified from the species-specific database search matches to at least one other protein in the Swiss-Prot/Trembl databases. If a unique peptide requirement were applied to the search results with the latter database, T1DE97 would not be included in the final results. The list of proteins from Swiss-Prot/TrEMBL is not exhaustive, and some peptides match to >20 protein sequences. 
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Unique peptide sequences from C. o. helleri venom gland transcriptome
	Proteins in Swiss-Prot/TrEMBL databases that share peptide seq.
(List is not exhaustive)

	429.71
548.3
590.80
667.34
674.34
754.38
791.38
831.42
1221.64
424.23
	2
2
2
2
2
2
2
2
2
3
	FFCLGSK
RLNPGFYTK
IMGWGTISSTK
LNNPVSNSAHIAP
AAYPWWPVTTR
VVGGRPCNINEHR
CANINILDYAVCR
TNNEWEKDIMLIR
LNNPVSNSAHIAPLSLPSSPPSVGS
NFQIQLGVHSK
	A0A2I7YS62 C. molossus 
A0A2I7YSB6 C. tigris 
B0VXU0 S. c. edwardsii 
J3S3W4 C. adamanteus
T1D6M5 C. horridus 

	1605.21
1080.76
	2
4
	DSCQGDSGGPLICNGQFQGIVSWGAQPCGR
ILCAGILEGGKDSCQGDSGGPLICNGQFQGIVSWGAQPCGR
	A0A2I7YS86 C. scutulatus

	957.83
	3
	LNNPVSNSAHIAPLSLPSSPPSVGSLCR

	A0A2I7YS62 C. molossus 
A0A2I7YSB6 C. tigris 
B0VXU0 S. c. edwardsii 
J3S3W4 C. adamanteus




6.0 Future directions 
An area of venom proteomics that has been neglected is the use of MS approaches to evaluate venom protein glycosylations. N-linked glycan structures have been found to be present in many venoms, especially those of Viperidae [62], but many species have not be studied. Standard bottom-up workflows that are currently the more common venomics approaches, cannot be used to examine glycosylations because collisional activation does not usually cleave glycosylated peptides, making them harder to detect. In these instances, the initial removal of N-linked glycans by PNGase F could aid in both identification of these glycosylated sites and better protein coverage. The use of multi-enzyme digestions also offers an increase the number of different peptide fragments that can be identified and is another method that would increase coverage and accuracy in determining venom proteoforms present [63]. Integration of transcriptome databases will aid both these techniques as glycosylation sites can be predicted from translated transcriptomes and provide proteoform reference sequences. These future directions in venomics pipelines will provide a more comprehensive picture of snake venoms.

7.0 Concluding remarks 
Increases in the sensitivity of high-throughput transcriptomics and proteomics, and the greater availability and affordability of these methods, have benefited research using non-model organisms. This is especially true for organisms where it was previously difficult to profile venoms, such as rear-fanged venomous snakes that can be problematic to extract of venom and often have low yields [56]. These methods have accelerated the rate of characterizing toxins, as novel sequences can be quickly identified and knowledge of the complete protein sequence can be useful for recombinant expression or peptide synthesis. Our lab has had considerable success integrating multiple -omic approaches to profile snake venoms by building species-specific venom gland transcriptome databases to search MS spectra. Combined with functional assays we have been able to identify unique sequence features linked to specific activities, such as prey-specific toxicity [46] and metalloproteinase activity [32]. Furthermore, we have shown in this review that there are advantages of having species-specific transcriptomes to identify and quantify secreted venom proteins, and that these smaller transcriptome databases typically perform better than larger combined databases. 
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Figure legends

Figure 1. Integration of venom gland transcriptomics and venom proteomics work flows. Image created in BioRender (biorender.com).

Figure 2. Amazon Puffing Snake (Spilotes sulphureus) venom profiles using shotgun proteomic spectra searches against (A) public databases and (B) a species-specific venom gland transcriptome database, or (C) based on size-exclusion high-performance liquid chromatography (SE-HPLC) fractionation and analysis. For shotgun proteomic quantifications, normalized spectral abundance factors (NSAF) were used and protein family percentages are relative to the sum of all toxins. For SE-HPLC, venom proteins present in each peak were determined by tandem mass spectrometry, N-terminal sequencing, and/or enzyme assays [45], and percentages were calculated from peak areas and are relative to the total area. Abbreviations: 3FTx – three-finger toxin; CRISP - cysteine-rich secretory protein; LAAO – L-amino acid oxidase; PLA2 inhibitor - phospholipase A2 inhibitor; SVMP - snake venom metalloproteinase (P-III class).

Figure 3. Comparison of the percent sequence coverage (A) and spectral counts (B) for Thamnophis-specific proteins identified between the two database search results. The Thamnophis-only database contains annotated protein sequences from T. elegans vagrans venom transcriptome, whereas the combined database contains all Squamata Swiss-Prot/TrEMBL protein sequences plus the sequences derived from the T. e. vagrans venom transcriptome. Both databases contained reverse decoy and contaminant sequences. Proteins labeled with * were not identified in the combined database search, despite these sequences being present. Abbreviations: AChE – acetylcholinesterase; CER – ceruloplasmin; CRISP – cysteine-rich secretory protein; CTL – C-type lectin; GPC - glutaminyl-peptide cyclotransferase; LAC – lactadherin; PLA2 – phospholipase A2; PLB – phospholipase B; SP_I – serine protease inhibitor; SVMP – snake venom metalloproteinase; VF 1-like – venom factor 1-like.

Supplemental Figure 1. The 16 three-finger toxin (3FTx) transcripts identified from the Spilotes sulphureus venom gland transcriptome. (A) A percent identity matrix shows 21-99% identity between these 3FTx isoforms, although a (B) Multiple Sequence Comparison by Log-Expectation (MUSCLE) alignment shows a conserved cysteine pattern between isoforms. Alignments were performed using the EMBL-EBI server [64]. 

Supplemental Table 1. Protein identifications when spectra acquired from T. e. vagrans venom were searched against a database derived from the de novo assembled T. e. vagrans venom gland transcriptome (top) and against the SwissProt/Trembl database restricted to Serpentes, merged with the venom gland transcriptome database (bottom).
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