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A B S T R A C T   

Insects have been consumed by people for millennia and have recently been proposed as a complementary, 
sustainable source of protein to feed the world’s growing population. Insects and crustaceans both belong to the 
arthropod family. Crustacean (shellfish) allergies are common and potentially severe; hence, the cross-reactivity 
of the immune system with insect proteins is a potential health concern. Herein, LC-MS/MS was used to explore 
the proteome of whole, roasted whole and roasted powdered cricket products. Eight protein extraction protocols 
were compared using the total number of protein and distinct peptide identifications. Within these data, 20 
putative allergens were identified, of which three were arginine kinase (AK) proteoforms. Subsequently, a 
multiple reaction monitoring MS assay was developed for the AK proteoforms and applied to a subset of extracts. 
This targeted assay demonstrated that allergen abundance/detectability varies according to the extraction 
method as well as the food processing method.   

1. Introduction 

Crickets (Acheta domesticus) possess a high quality nutritional profile 
that includes proteins (~45% of dry mass), fats (~26% of dry mass), 
vitamins and minerals (Montowska et al., 2019; Stull et al., 2018). The 
protein content and nutritional value varies substantially between 
cricket sub-species, developmental stages, source of collection (farm or 
open-field) and processing method (boiling, baking or roasting) 
(Kouřimská & Adámková, 2016; Yi et al., 2013). Furthermore, over the 
past five years several review papers have been published regarding 

bioactive peptides from insect protein hydrolysates with antihyperten
sive, antimicrobial, antioxidant and gut health properties (Jantzen da 
Silva Lucas et al., 2020; de Castro et al., 2018; Montowska et al., 2019). 
Although insect proteins have shown positive health benefits, their 
possible allergenic status remains a major concern. For instance, the 
protein arginine kinase (AK) has shown cross-allergenicity between 
Macrobrachium spp. (prawns or shrimp) and field cricket Gryllus bima
culatus (Srinroch et al., 2015). Likewise, IgE cross-reactivity is observed 
between tropomyosin from cricket and shrimp, as shown in human 
shrimp allergic sera (Hall et al., 2018; Kamemura et al., 2019; Ruethers 
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et al., 2018). As a result, research that aims to obtain new knowledge 
regarding the safety of dietary insect-based proteins is warranted. 

Protein extraction is critical for proteome measurement where buffer 
systems will impact the representation of physicochemical properties 
and functional classes of the detected proteins (Bose et al., 2019a, 
2019b; Ndiritu et al., 2017; Rodríguez-Rojas & Rolff, 2020). Insect tis
sues contain large amounts of lipids, fatty acids, vitamins and minerals 
that can interfere with protein extraction and downstream measurement 
(Belghit et al., 2019). The use of aqueous extraction followed by fat 
partitioning across five insect species has shown a species-specific dif
ference in protein yield (Yi et al., 2013). Furthermore, n-hexane-based 
defatting followed by sonication has been shown to improve the yield of 
extractable protein by 35–94% in mealworm larvae, adult crickets and 
silkworm pupae (Choi et al., 2017). Likewise, sample processing that 
commences with defatting followed by alkaline buffer extraction and 
sonication increases the protein yield up to 57.5% and 55.2% for 
grasshopper and honeybee, respectively (Mishyna et al., 2019). Sodium 
phosphate buffer has also been used to extract allergen homologues from 
Macrobrachium spp. and the field cricket (Gryllus bimaculatus) (Srinroch 
et al., 2015). Therein the study revealed that the potent cross-activating 
allergen in G. bimaculatus and Macrobrachium spp. is arginine kinase. 
Until now, the majority of studies have focused on estimating crude 
protein content in insects using techniques such as protein combustion 
(Amarender et al., 2020) or protein-to-nitrogen conversion rate (Yi 
et al., 2013). Whereas protein detection and identification has been 
performed with sodium dodecyl sulfate–polyacrylamide gel electro
phoresis (SDS-PAGE) followed by mass spectrometry. 

The advancement of genomics-guided MS-based proteomics tech
niques and data mining strategies have enabled the identification and 
quantitation of thousands of proteins from complex biological samples. 
Routine targeted and untargeted MS experiments have been used to 
measure these proteins in terms of their abundance, localisation, in
teractions and modifications to help interpret phenotypes (Bose et al., 
2019). In all cases, protein extraction is critical. Herein, different buffer 
compositions that are commonly used to extract and analyse proteins 
from cricket (A. domesticus) were compared using bottom-up LC-MS/MS 
proteomics. Subsequently a liquid chromatography-multiple reaction 
monitoring-mass spectrometry (LC-MRM-MS) experiment was per
formed to examine the ability to efficiently and repeatably extract AK, 
which can be used as a marker of cricket presence in food products. 

2. Materials and methods 

2.1. Cricket samples 

Whole cricket products were collected from the insect food company 
Grubs Up (Pinjarra, Australia) and roasted slowly at 150 ◦C for 4 h. The 
roasted whole cricket (150 ◦C for 4 h) and roasted cricket powder 
samples (150 ◦C for 4 h; A. domesticus) were collected from Grilo (Byron 
Bay, Australia). The Grubs Up samples will be termed as “whole cricket” 
throughout the manuscript. Samples were ground to powder using a 
mortar and pestle. The powder was passed through a sieve (commercial 
tea strainer) to collect a uniform flour for protein extraction. 

2.2. Buffer compositions and protein extraction 

Eight protein extraction protocols were used to solubilize proteins. 
Buffer compositions for the extraction protocols are as follows: Protocol 
1 (P1): 100 mM Tris-HCl, 4% SDS, 50 mM dithiothreitol (DTT) (pH 7.6); 
Protocol 2 (P2): 200 mM Tris-HCl, 2 M urea, 50 mM DTT; Protocol 3 
(P3): 20 mM Tris, 8 M urea, 2 M thiourea, 50 mM DTT; Protocol 4 (P4): 
10 mM HEPES, 6 M urea, 2 M thiourea, 50 mM DTT (pH 8.0); Protocol 5 
(P5): 50 mM Tris-HCl, 50 mM DTT, 100 mM KCl; Protocol 6 (P6): 
defatting with n-pentane followed by extraction with 100 mM Tris-HCl, 
8 M urea, 50 mM DTT (pH 8.5); Protocol 7 (P7): 50 mM Tris-HCl, 1 M 
NaCl (pH 7.2); Protocol 8 (P8): 50 mM Tris-HCl, 6 M Urea, 1 M NaCl (pH 

7.2). All buffers were freshly prepared on the experiment day. 
The cricket flour samples were prepared as previously described 

(Fallahbaghery et al., 2017). Samples (n = 4 per buffer) were weighed 
into 1.5 mL micro-tubes; 200 μL (10 μL/mg) each of the afore-mentioned 
extraction buffers were added to respective samples followed by vortex 
mixing until a uniform solution was achieved. Samples were then 
agitated by sonication for 5 min. For P1, sample tubes were placed on a 
thermomixer (Eppendorf, Germany) at 600 rpm; 55 ◦C; 30 min. For the 
remaining protocols (P2-P5), sample tubes were placed on a thermo
mixer (600 rpm; room temperature; 30 min) before centrifugation for 
15 min at 20,800 × g. Supernatants were used for subsequent 
processing. 

For P6, flour samples were first defatted with 200 µL (w/v) of n- 
pentane prior to placing them on a thermomixer. In brief, ~20 mg ali
quots of cricket flour were weighed into 1.5 mL micro-tubes and mixed 
with 200 μL of n-pentane. The tubes were placed on a rotator for 15 min, 
followed by centrifugation (5 min) at 20,800 × g. The supernatant was 
discarded, and the process was repeated two more times. The pellets 
were air dried and redissolved in 200 μL of extraction buffer. 

In parallel, proteins were extracted using P7 buffer. Therein, sample 
tubes were incubated for 16 h at 4 ◦C in a tumbling motion followed by 
centrifugation at 10,000 × g for 30 min at 4 ◦C before collecting the 
supernatant. The pellet was immersed and homogenised in P8 buffer and 
incubated, centrifuged, and supernatant collected as per P7. Extracts of 
P7 and P8 were filtered using glass fibre filters (Sartorius Stedim 
Biotech, Germany). 

2.3. Protein concentration estimation by Bradford assay 

Protein concentration estimation of the extracts was performed using 
a Bradford colorimetric assay. Samples were diluted 10x, 20x and 40x 
with water and standards were generated with BSA ranging from 7.8 μg/ 
mL to 500 μg/mL. Sample dilutions and standards (10 μL) were added to 
200 μL of Bradford Reagent (BioRad: 1:5 in H2O), incubated for 5 min at 
RT and read at 595 nm. 

2.4. Protein digestion 

Protein extracts (100 μg) were transferred to 30 kDa MWCO filters 
(Merck Millipore, Bayswater, Vic). The protein on the filter was washed 
twice with UA buffer consisting of 8 M urea in 100 mM Tris-HCl (pH 8.5) 
with centrifugation for 15 min at 20,800 × g. Iodoacetamide (50 mM, 
100 μL) in UA was added to the filters for cysteine alkylation with in
cubation in the dark for 20 min before centrifugation at 20,800 × g for 
10 min. The buffer was exchanged with 100 mM ammonium bicarbon
ate (pH 8.0) by two consecutive wash/centrifugation cycles. The 
digestion enzyme, bovine trypsin (Sigma-Aldrich, NSW, Australia), was 
prepared as 250 μg/mL in 100 mM ammonium bicarbonate (pH 8.0) and 
200 μL was added to each filter for overnight incubation at 37 ◦C. The 
filters were transferred to fresh collection tubes and centrifuged for 15 
min at 20,800 × g. The filters were washed with 200 μL of 100 mM 
ammonium bicarbonate, and the peptides in the filtrates combined and 
dried by vacuum concentration. 

2.5. Proteome measurement 

Digested peptides were resuspended in 100 μL of 1% formic acid 
before analysis by LC–MS/MS as previously described (Bose et al., 2019; 
Fallahbaghery et al., 2017). In brief, 5 μL of peptides were chromato
graphically separated and detected with an Ekspert nanoLC415 (Eksi
gent, Dublin, CA, USA) coupled to a TripleTOF 6600 MS (SCIEX, 
Redwood City, CA, USA). The peptides were desalted for 3 min on a 
polar C18 ProteCol trap column (Trajan; 3 µm Particle Size × 300 Å Pore 
Size, 10 mm × 300 µm ID) at a flow rate of 10 μL/min of 0.1% formic 
acid and separated on a ChromXP C18 (3 μm, 120 Å, 150 mm × 0.3 mm) 
column at a flow rate of 5 μL/min. The solvents used were: (A) aqueous 
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5% DMSO, 0.1% formic acid; and (B) aqueous 5% DMSO, 0.1% formic 
acid, 90% acetonitrile. A linear gradient from 3% to 25% solvent B over 
68 min was employed followed by 25–35% B over 5 min, and then 
35–80% over 2 min. Next, 3 min hold at 80% B, return to 3% B over 1 
min, and 8 min of re-equilibration. The eluent from the HPLC was 
directly coupled to the Optiflow source of the TripleTOF 6600 MS. The 
ion spray voltage was set to 4500 V; the curtain gas was set to 138 kPa 
(30 psi), and the ion source gas 1 and 2 (GS1 and GS2) were set to 138 
and 138 kPa (30 and 30 psi). The heated interface was set to 100 ◦C. 

2.6. Database creation and protein identification 

The cricket database was prepared by combining UniProt “Orthop
tera” sequences (access date 06/04/2020) with genomes from NCBI 
Locusta migratoria whole genome sequencing (WGS), Teleogryllus occi
pitalis WGS, Laupala kohalensis reference genome, Xenocatantops bra
chycerus WGS, NCBI_04042020_Gryllidea_prot and IUIS reference 
allergens for crustaceans, house dust mite and cockroach. Contigs 
originating from WGS projects were used for open reading frame (ORF) 
predictions, using a minimum of 100 nucleotide ORF cut-off value. 
Predicted ORFs were translated and functionally annotated using Pfam 
domain and Blast2GO analyses before appending to the UniProt data
base. These protein sequences were merged with the common repository 
of adventitious proteins (cRAP) sequences as well as the iRT pseudo- 
protein sequence (2,600,927 sequences). 

ProteinPilot v5.0.3 software (SCIEX) incorporating the Paragon and 
ProGroup algorithms (Shilov et al., 2007) was used for protein identi
fication. The MS/MS data were searched against the abovementioned 
protein database. The search parameters were defined as iodoacetamide 
modified cysteine; trypsin as the digestion enzyme; instrument as 6600 
TripleTOF; and, thorough search effort. The database search results from 
the combined cricket flour analyses were manually curated to yield 
protein identifications at a 1% global false discovery rate (FDR) deter
mined by the SCIEX FDR tool (Tang et al., 2008). The SCIEX protein 
alignment template was used to unify protein identifications between 
the different samples. Peptide results were unified across the samples 
using a custom R script that filters for high quality distinct peptides 
meeting a 1% FDR threshold, fully tryptic, fixed carbamidomethyl (Cys), 
variable oxidation (Met) and N-terminal Gln to pyro-Glu modifications. 
To detect the arginine kinases (AK) within the cricket samples, a data
base search was performed that combined the data from all samples. The 
resulting output file was searched thoroughly to identify AKs that met a 
1% global FDR threshold. 

2.7. Physicochemical properties, multivariate and bioinformatics analysis 

Based on protein identification frequency, the five top performing 
protein extraction protocols were selected for comparative analysis, 
physicochemical determination and functional annotation. Physico
chemical parameters were determined for the protein sets detected from 
each of the extraction protocols for the three types of cricket samples. In 
this regard, protein sequence files in *.FASTA format were created for 
each set of proteins using the unified protein identifications determined 
by the SCIEX protein alignment template. These sequences were then 
processed using a custom Python script to determine Grand average 
hydropathicity index (GRAVY), aromaticity, isoelectric point (pI) and 
molecular weight for each protein in each set. Groups were compared 
using one-way ANOVA with Tukey’s HSD test. 

Hierarchical Clustering Analysis (HCA) was performed with Biovinci 
version 1.1.5 (BioTutoring Inc., San Diego, California, USA) and 
Morpheus software (Broad Institute, Cambridge MA, USA; https://soft 
ware.broadinstitute.org/morpheus/). Gene Ontology (GO) and Inter
Pro domain mapping were performed to obtain functional classification 
data using BLAST2GO software (Conesa et al., 2005). Insect proteins 
downloaded from UniProt (8,082,118 proteins; accessed on 05/06/ 
2020) were used as a background for the BLAST2GO analysis. 

2.8. Allergen protein mapping from cricket samples 

The database search results comprising all cricket samples extracted 
with all extraction methods were searched against a database of Allergen 
families (AllFam, Medical University Vienna, Austria; http://www. 
meduniwien.ac.at/allfam/) to identify allergen domain-containing 
proteins. Allergen protein families with known allergy related Pfam 
domains characteristic of insect and crustacean species were retrieved 
from the AllFam database. Protein sequences from the World Health 
Organization and International Union of Immunological Societies 
(WHO/IUIS; http://www.allergen.org/) reference allergens were 
retrieved from the UniProt Knowledgebase. Pfam domain mapping of 
the identified cricket proteins was performed using hidden Markov 
models (HMMER3) in CLC Genomics Workbench 20.0.4. Protein se
quences with Pfam domains characteristic of the collected allergen 
families were aligned to the reference protein sequences. Proteins with 
matching Pfam domain profiles were accepted as potential allergens and 
further investigated using sequence alignment. Proteins were also ana
lysed using the AllerCatPro web tool to investigate their putative aller
genicity (Maurer-Stroh et al., 2019). Pairwise comparisons of the 
identified protein sequences and reference allergens was performed 
using CLC Genomics Workbench 20.0.4. The percentage sequence 
identity between the identified proteins and the reference allergens were 
used to generate a heatmap using Morpheus software. 

2.9. Relative quantitation of arginine kinase by MRM 

Arginine kinase proteins were imported to Skyline software to 
identify suitable MRM transitions (MacLean et al., 2010). In silico 
digestion yielded 30 peptides representing three AKs. These were used 
initially to acquire MRM data from a pooled sample of all the cricket 
protein extracts. The results from these analyses were used to refine the 
transitions and schedule retention times. Peptides were selected that 
yielded intense peaks and were fully tryptic, with no variable modifi
cations or missed cleavages. 

3. Results 

3.1. Extraction protocols and protein estimation 

The efficiency of a suite of protein extraction buffers was examined 
by comparing the protein identification yields (based on unified protein 
accessions) and high-quality tryptic peptides resulting from LC-MS/MS 
analysis. To this end, two primary buffers (Tris-HCl and urea) were 
employed along with either SDS/thiourea/HEPES or NaCl additives. 
One protocol also included a defatting step prior to extraction with Tris- 
HCl/urea buffer. Total protein estimation indicated that urea and thio
urea buffers extracted the maximum amount of protein followed by 
urea/thiourea/HEPES buffer across the three cricket samples (Table S1; 
top panel). The urea and thiourea buffer (P3) extracted ~ 60% more 
protein from whole cricket (~16.1 mg/mL) than urea/thiourea and 
HEPES buffer (P4; ~9.7 mg/mL). For the roasted whole cricket sample, 
urea and thiourea (21.1 mg/mL) yielded ~ 56% more protein than urea/ 
thiourea/HEPES (P4; ~9.1 mg/mL) buffer. Likewise, urea and thiourea 
(P3; ~17 mg/mL) buffer yielded ~ 38% more protein than urea/thio
urea/HEPES (P4; ~10 mg/mL) buffer for the powdered roasted samples. 
Although urea and thiourea (P3) yielded the maximum total protein 
concentration for all cricket samples, the result was variable (based on 
the coefficient of variation, CV). P5 yielded a low protein concentration 
and was excluded from LC-MS/MS analysis. 

3.2. Protein and peptide yields from discovery proteomics 

The total number of proteins and peptides identified at 1% global 
FDR were determined for the three cricket samples extracted using the 
eight extraction protocols (Table S1; bottom panel). Extraction protocols 
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and buffer compositions were selected based on their application in 
previously published insect proteome-based experiments. The urea/ 
thiourea/HEPES (P4) buffer yielded the maximum number of proteins 
(423) from the whole cricket sample. The urea/thiourea (P3) buffer 
yielded the maximum number of protein identifications (498) from the 
whole roasted sample. While notably, the SDS/Tris-HCl (P1) buffer 
yielded the maximum number of proteins (364) from the roasted 
powder sample. The use of a defatting step with Tris/urea buffer-based 
extraction (P6) did not provide a superior yield of protein or peptide 
identifications in comparison to other protocols; however, protocol P6 
was more consistent in terms of peptide numbers and total protein yield 
across the protocols. Similar results were obtained for the number of 
detected peptides from the extraction buffers (Table S1; bottom panel). 
For instance, the maximum number of peptides were detected using the 
protocol P3 extraction buffer: whole (1,543), roasted whole (1,332) and 
roasted powder (1,259). Overall, the protocols associated with urea- 
buffers were able to yield more protein identifications than other 
buffers; Tris-HCl yielded the lowest number of identifications unless 
combined with SDS. 

3.3. Comparison of five extraction protocols and three types of cricket 
samples 

The use of unannotated genome-translated databases can give rise to 
protein redundancy. This redundancy can impede comparative proteo
mic analyses. To overcome this challenge all data were combined into a 
single search to map each individual search result to a minimum set of 
protein accessions. The distinct peptides from each search result were 
mapped against a non-redundant set of total distinct peptide 

identifications. 
Five protein extraction protocols (P1-P4 and P6) were selected for 

comparison based on their yield of proteins and peptides (Table S1; top 
panel). The resulting matrices of aligned Paragon unused protein scores 
and sequence coverage were captured to provide measures of protein 
identification quality. Apex peptide intensity information was used to 
provide a measure of peptide response. 

3.3.1. Whole cricket 
Hierarchical clustering of the unused protein scores (a measure of the 

total, unique peptide evidence related to a given protein) was performed 
to investigate the relationships between the extraction protocols. The 
unsupervised analysis revealed that extraction protocol P2 (200 mM 
Tris-HCl, 2 M urea), which yielded the lowest number of protein iden
tifications, separates from the four remaining protocols (Fig. 1A).The 
hierarchical clustering of apex peptide intensity also shows that P4 and 
P6 produced similar peptide responses (Fig. S1). Although Tris-HCl 
buffer yielded a small number of proteins, the addition of SDS 
increased the number of protein identifications by ~ 90% (Table S1; 
bottom panel). Both urea-based buffers, i.e. P3 (Urea + Thiourea) and P4 
(Urea + Thiourea + HEPES) showed relatively close clustering. Buffer 
P1 (SDS/Tris-HCl) and the pre-extraction defatting followed by Tris/ 
urea buffer solubilisation P6 clustered together showing a similar 
complement of detected proteins for both protocols. GRAVY score was 
calculated for proteins detected from whole cricket to measure how the 
extraction buffers affect the representation of protein hydrophobicity 
(Fig. 1B). Proteins detected from P2 were significantly (p < 0.0001) 
different than P1 and P4; whilst P3 was significantly higher than P1 (p <
0.01) and P4 (p < 0.01). All extraction methods yielded significant 

Fig. 1. Summary of protein and distinct peptide identifications (1% FDR) from whole crickets extracted with five extraction protocols. (A) Heatmap and HCA 
showing the unused protein scores of unified proteins detected following five extraction protocols: (P1) SDS/Tris-HCl; (P2) 200 mM Tris, 2 M Urea; (P3) Urea +
Thiourea; (P4) Urea + Thiourea + HEPES; (P6) Defatted with n-pentane followed by Tris-HCl, 8 M urea solubilisation. Violin plots comparing calculated GRAVY 
score (B) and pI (C) for proteins detected from whole cricket samples. The y-axis indicates the values for GRAVY scores (positive GRAVY values indicate hydrophobic; 
negative values indicate hydrophilic) and pI. The median (black line) and boxes spanning the interquartile range (IQR) range are shown. Each whisker extends to the 
most extreme value no>1.5 × IQR from the box. Venn diagrams show the representation of proteins (D) and peptides (E) detected from whole cricket sample using 
the top five protocols. (F) Representative GO terms (molecular function) obtained from whole cricket proteins. 
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differences in terms of pI (Fig. 1C), except when comparing P1 to P4 or 
P4 to P6. Calculated aromaticity (Fig. S2A) and molecular weight 
(Fig. S2B) also show extraction protocol-dependent differences. 

Using the SCIEX protein alignment template, 401 unique proteins 
were detected at 1% FDR from a combined database search of the five 
extraction methods (Fig. 1D). Overall, P1 yielded the maximum number 
of proteins (307; ~77%) followed by P4 (286; ~71%). In concordance 
with the Bradford protein concentration estimation, P2 yielded the 
lowest number of proteins (134; ~33%). Overall, 67 proteins (~17%) 
were commonly extracted by the five extraction methods. The maximum 
number of unique proteins was 32 (~8%) detected from P1; whilst P3 
extracted the lowest number of unique proteins (6; ~2%). 

Peptides detected at 1% FDR were aligned across the five extraction 
protocols to understand their representation within each extraction 
method. In total, 1,441 distinct peptides were detected from the whole 
cricket sample where 144 peptides (~10%) were commonly identified 
by all five protocols (Fig. 1D). As with the protein identification findings, 
peptides were also uniquely detected within each extraction method. 
For instance, extraction protocol P3 yielded the highest number of 
unique peptides (168; ~12%) followed by P1 (134; ~9%). As per the 
protein identification yield analysis, P2 also shows the lowest detection 
rate for unique peptides (63; 4.4%) (Fig. 1E). 

Functional classification was performed for each of the unified pro
tein identification sets (Fig. 1F). Protein binding, oxidoreductase activ
ity, metal ion binding, ATP binding and structural molecule activities 
were the top five molecular functions resulting from all extraction 
methods, except P2. This method uniquely identified proteins associated 
with actin binding (14%), calcium ion binding (12%), structural con
stituents of the ribosome (11%), nucleic acid binding (9%) and ion 
transmembrane transporter activities (2%). 

3.3.2. Roasted whole cricket 
The top five extraction protocols were compared (P1-P4 and P6) in 

terms of their efficiency to extract proteins from roasted whole cricket 
samples. Hierarchical clustering of unused protein scores revealed that 
P4 and P6 were most closely related (Fig. 2A), while P4 separates from 
P1 and P2 and formed a separate cluster. This was replicated in the 
peptide intensity data (Fig. S3). Hydrophobicity was variable across the 
extraction methods (Fig. 2B), with differences observed between P1 and 
P3 (p < 0.0002), P3 and P2 (p < 0.0001) and P4 and P3 (p < 0.008). 
Analysis of the distribution of pI showed only two pairs of extraction 
protocols (P1 and P3; P4 and P6) were not different (Fig. 2C). Extraction 
protocol-dependent differences were also observed for aromaticity 
(Fig. S4A) and molecular weight (Fig. S4B). 

In total, 401 unique proteins were detected following database 
search and protein accession unification across the five extraction pro
tocols for roasted whole cricket, of which 91 (~23%) proteins were 
commonly extracted by the five extraction buffers (Fig. 2D). In contrast 
to the whole cricket sample, P3 extracted the highest number of proteins 
(333; ~83%) in comparison to proteins detected by P1 (190; ~47%) for 
the roasted whole cricket. However, P2 led to the lowest number of 
detected proteins (160; ~40%) for whole cricket and whole roasted 
cricket samples (Fig. 1D and Fig. 2D). All five extraction methods have 
shown their capacity to extract unique proteins. For instance, P3 
extracted the maximum number of unique proteins (50; ~12%) for the 
roasted cricket samples. P1, P2 and P4 each extracted ~ 2% of the 
unique proteins from the total list of detected proteins. The comparison 
of peptide yield between extraction protocols showed that 1,155 distinct 
peptides were detected, where ~ 10% of these peptides were commonly 
identified with all five extraction protocols (Fig. 2E). The P3 extraction 
led to the highest frequency of unique peptides (~21%), whilst P1 led to 
the lowest number of unique peptides (~3%). 

Fig. 2. Summary of protein and distinct peptide identifications (1% FDR) from roasted whole cricket. (A) Heatmap and hierarchical clustering showing the rela
tionship of unused protein scores for aligned proteins detected following five extraction protocols: (P1) SDS/Tris-HCl; (P2) 200 mM Tris, 2 M Urea; (P3) Urea +
Thiourea; (P4) Urea + Thiourea + HEPES; (P6) Defatted with n-pentane followed by Tris-HCl, 8 M urea solubilisation. Violin plots comparing GRAVY score (B) and pI 
(C) for proteins detected from whole cricket samples. Venn diagrams show the representation of proteins (D) and peptides (E) detected from roasted whole cricket 
samples. (F) Representative GO terms (molecular function) obtained for roasted whole cricket proteins. 
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GO analysis was performed on individual sets of proteins across the 
protocols (Fig. 2F). The top-three molecular functions associated with 
the extracted proteins across all protocols were: protein binding, struc
tural molecule binding and metal ion binding. Notably, >40% of pro
teins resulting from P3 were associated with protein binding, structural 
molecule binding, metal ion binding and oxidoreductase activities in 
comparison to the four remaining protocols. Furthermore, calcium ion 
binding activity was only found with P2 while nucleoside-triphosphate 
activity was found with P1. The proteins with nucleoside-triphosphate 
activities are a family of membrane proteins. Anionic denaturing de
tergents such as SDS can be efficient in disrupting membranes and 
denaturing higher order structures by breaking protein–protein and 
protein-lipid interactions and hence can solubilize membrane proteins 
allowing access to proteolytic enzymes. 

3.3.3. Roasted cricket powder 
The impact of extraction protocols on protein detection was inves

tigated for roasted cricket powder. Hierarchical clustering of the aligned 
unused protein scores for the protein extraction methods indicate that 
P1 and P3 can extract a similar suite of proteins, which differ from those 
extracted by P2 (Fig. 3A). Peptide intensities also show distinct sepa
ration based on extraction protocol for the roasted cricket powder 
samples (Fig. S5). GRAVY scores for the extraction methods also 
revealed that the proteins extracted by P2 were different from those 
extracted by P1 (p < 0.0007), P3 (p < 0.006) and P4 (p < 0.04) (Fig. 3B). 
Likewise, the pI values for the extraction protocols show that compari
son of the protocols P1 to P3 (p < 0.36) and P4 to P6 (p < 0.99) were not 
different whereas all other protocols showed significantly different 
distributions to one another (Fig. 3C). Proteins extracted with the pro
tocols also show differences in terms of their aromaticity (Fig. S6A) and 
molecular weight (Fig. S6B). 

In combination, the processing protocols extracted 361 unique pro
teins from roasted cricket powder samples where 59 (~16%) proteins 
were commonly extracted by the five protocols (Fig. 3D). In comparison 
to the whole cricket and roasted whole cricket, the roasted cricket 
powder yielded ~ 11% less proteins. P1 yielded the highest number of 
protein identifications 250 (62%) followed by P3 (59%). All five 
extraction protocols extracted a unique set of proteins and peptides from 
roasted cricket powder, as evidenced previously for the two other 
product types (Fig. 3D-E). Four protocols (P1, P3, P4 and P6) co-detected 
74 (~7%) peptides whilst the two protocols that yielded the highest 
protein identifications (P1 and P3) commonly identified 82 unique 
peptides (7.5%), while P1 was shown to uniquely detected 162 (~15%) 
peptides and P3 yielded an additional 110 (~10%) peptides. 

All protocols yielded proteins that classified under oxidoreductase 
activity, ATP binding and transferase activity molecular functions 
(Fig. 3F). Although protocol P2 yielded the lowest number of proteins, it 
shows the unique ability to extract proteins with specific molecular 
functions, including calcium ion binding, cycloskeletal protein binding, 
protein dimerization activity and ion transmembrane transporter ac
tivity. The molecular function structural molecule activity was only 
found in extracts following defatting (P6). 

3.4. Identification of putative allergens from cricket samples 

A database search was performed using the combined data acquired 
for all eight extraction methods to identify putative allergens from the 
cricket samples. Additionally, Pfam domain profiles of the proteins 
detected at 1% global FDR from the combined database search for all 
cricket samples were compared to the WHO/IUIS insect and crustaceans 
reference allergen protein sequences collected from the AllFam data
base. In total, 52 potential cricket allergens representing 15 allergen 

Fig. 3. Summary of protein and distinct peptide identifications (1% FDR) from roasted whole cricket powder. (A) Heatmap and hierarchical clustering based on 
unused protein scores of aligned proteins detected following five extraction protocols: (P1) SDS/Tris-HCl; (P2) 200 mM Tris, 2 M Urea; (P3) Urea + Thiourea; (P4) 
Urea + Thiourea + HEPES; (P6) Defatted with n-pentane followed by Tris-HCl, 8 M urea solubilisation. Violin plots comparing GRAVY score (B) and pI (C) for 
proteins detected from whole roast cricket powder samples. Venn diagrams show the representation of proteins (D) and peptides (E) identified from roasted whole 
cricket powder sample. (F) Representative GO terms (molecular function) obtained from roasted whole cricket powder proteins. 
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families were detected of which AF007: EF hand family proteins (15 
sequences), AF054: tropomyosins (7 sequences), and AF002: heat shock 
protein Hsp70 (7 sequences) were the most abundant (Fig. 4, Table S2). 
Both tropomyosins and EF hand proteins are known allergens in crus
taceans, insects and mites, while AF002 allergens have only been 
detected in house mites. Additionally, cricket proteins showing close 
homology to crustacean allergens were also detected in the AF049: ATP: 
guanido phosphotranferases (arginine kinases), AF146: troponin I and T 
and AF032: triosphophate isomerase allergen families. Sequence ho
mology and conserved Pfam domains between cricket proteins and 
reference allergens indicate that the putative allergens from cricket 
samples are closely related to the known allergens retrieved from the 
AllFam database. 

To further refine the lists of putative allergens from cricket, in-silico 
prediction was performed using AllerCatPro software. To this end, 20 
putative allergens were identified from the comprehensive in-silico 
prediction and combined database search. Notably, the percent identity 
of linear 80 amino acid (aa) stretches, percentage identity of 3D epitope 

and allergen evidence columns show the allergen family and Pfam 
domain similarities between AllFam registered allergens and putative 
allergens detected in the present study (Fig. 4). Overall, these analyses 
provide evidence that 80% of the putative cricket allergens detected by 
LC-MS have high allergenic potential; however, future IgE binding as
says would be required in order to validate their immunological 
reactivity. 

3.5. Sample-processing influence on proteome content 

To assess the influence of product preparation (whole; roasted; 
roasted-powdered) on proteome composition, a comparative analysis 
was performed on the protein and peptide identification resulting from 
P3 extraction. In total, 388 unique proteins were detected, where the 
whole, roasted whole and roasted powder cricket samples yielded 217, 
333 and 236 proteins, respectively (Fig. S7A). The protein level com
parisons revealed that the three food processing methods commonly 
shared 145 (37.4%) proteins (Fig. S7). Notably, the roasted cricket 

Fig. 4. The diversity of allergen proteins from cricket and crustaceans. The heatmap shows sequence similarity scores for the 73 reference allergens (columns) versus 
identified cricket proteins (rows). The reference allergens comprise both ingestion and inhalation-related insect and crustacean allergen families from the AllFam 
database. Above the heatmap, the reference allergens are classified according to insect order (taxonomy) and AF allergen families (AllFam database) using the IUIS 
allergen nomenclature system. To the right of the heatmap, the putative allergens detected by LC-MS are classified according to allergen family. The putative al
lergens from this analysis were then searched using AllerCatPro software. The resulting percent identity for both linear 80 aa sequences and percent identity of 3D 
epitopes are shown. The last column indicates the allergen evidence defined as no, weak or strong potential. 
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sample yielded the maximum 87 (22.4%) unique proteins followed by 
31 (8%) proteins from whole cricket samples. As expected, the two 
roasting processes shared a high proportion (80.4%) of proteins. Unlike 
the protein level comparisons, the peptide level analysis revealed that 
the whole cricket sample had the maximum unique peptides 329 
(25.1%) followed by roasted cricket samples 217 (16.5%) (Fig. S7B). 
The roasted powder samples yielded the lowest frequency of protein and 
peptide identifications. 

The results yielded from the discovery proteomics analysis were 
searched manually to identify the influence of extraction buffer on the 
enrichment of allergen proteins. Table S3 summarises the putative al
lergens detected across the seven extraction buffers and product types. 

As an example, the cross-reactive allergen arginine kinase was detected 
as 3 proteoforms with buffer P4 from whole cricket (Table S3). While the 
extraction buffer P3 and P6 extracted the highest number of arginine 
kinases (3 proteoforms) from roasted cricket sample. Altogether, the 
results from this comparative study reveals variation of proteome and 
allergen content that are not only dependent on the extraction buffer but 
also the product processing techniques (Table S3). 

3.6. Extraction protocol-dependent arginine kinase extraction and 
quantitation from cricket samples by LC-MRM-MS 

Arginine kinase has shown cross-allergenicity between 

Fig. 5. Quantitation of arginine kinases by LC-MRM-MS across three cricket products. Heatmap and HCA showing the relative abundances of arginine kinase 
peptides and the relationships of the extraction protocols for whole (A); whole roasted (B); and whole roasted powdered (C) products. The colour in each cell of the 
heatmap depicts the relative peak area of each peptide from row min (low) to row max (high). The protein column on the heatmap indicates the protein origin of each 
peptide. The species column shows matches with > 80% sequence identity to the cricket AK peptides for allergens from three cross-reactive species. Three peptides 
were excluded from the heatmap (A) as they were not detectable by MRM. (D) Summed MRM peak area for monitored AK peptides from P3. Relative quantitation of 
three exemplar peptides from two cricket AKs (Xbra0010686 and A0A120MGB4). Graphs show the relative percentage of MRM peak area (compared to the average 
of all extraction protocols; n = 4 replicates); whole cricket (E-F); whole roasted cricket (G-H); roasted cricket powder (I-J). 
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Macrobrachium spp. (prawns or shrimp) and field cricket Gryllus bima
culatus (Srinroch et al., 2015). An LC-MRM-MS method to detect argi
nine kinase and explore relative quantitation was developed. In this case 
arginine kinase (AK) was used as an exemplar of a cross-allergenic 
protein to assess the influence of extraction protocols on allergen 
yield/detectability. In total, three AK proteoforms were detected from 
the master database search and used to build the LC-MRM-MS method. 
To confirm the potential for cross-allergenicity for the detected AKs in 
the present study, all sequences were examined using the AllerCatPro 
tool (Maurer-Stroh et al., 2019). Notably, all three AKs have shown 
strong evidence as a cross-allergen based on > 95% identity (linear 80 
amino acid window) and 100% identity (3D epitope structure). LC- 
MRM-MS data was acquired for 15 AK-derived peptides from across 
these three proteoforms (Table S2; Fig. S8A); their relative abundances 
were determined and compared across the five extraction protocols and 
product types. The whole and whole roasted cricket samples showed a 
similar pattern of MRM response, while the whole roasted powdered 
sample showed a different response to the buffers as seen in the structure 
of the sample hierarchical clustering (Fig. 5A-C). The species column 
shows organisms with > 80% BLAST matches for cricket AK peptides 
compared to allergen peptides from three allergenic species (Fig. 5A-C). 
Of interest, searching the cricket AK peptides against the Immune 
Epitope Database (IEDB) revealed sequence homology to allergen pro
teins from shrimp, cockroaches and mud crab. 

The AK peptides were noted to have the highest yield from P3 for 
both whole cricket and roasted whole cricket (Fig. 5A-B). For roasted 
cricket powder, P1 extracted the highest abundance of peptides followed 
by P3. To assess the proportion of AKs that were extracted using each 
protocol, the average abundance for all peptides was calculated 
(considering the five methods and four replicate extracts) from across 
the three cricket samples. Each individual peptide measurement was 
compared to the average and converted to a percentage, with all data 
presented as Violin plot (wherein the centre line equates to the median 
AK content). As an example, examining whole cricket extracted with five 
protocols shows a median value of P1 (119%), P3 (166%), P4 (76%) and 
P6 (71%) (Fig. S8B). Notably, all peptides were not detectable in all 
samples and variation in the abundance for each of the peptides was 
observed across samples. Overall, P3 resulted in the highest response for 
whole and roasted whole cricket while P1 led to the highest response for 
roasted powder samples, followed by P3. 

The peak areas were summed for the P3 samples to compare how 
sample processing affects AK detection across the three products 
(Fig. 5D). In this regard, whole cricket was shown to yield the highest 
amount of detectable AK per µg of total protein (Fig. 5D). 

The technical variation for sample preparation and analysis was 
typically < 15%, while the variation in the peptide response ranged from 
0 to 90% across the three product types. Three selected peptides, from 
AK proteins Xbra0010686 and A0A120MGB4, were detected with 1.4- 
and 1.25-fold higher response by P3 than P1, respectively, from whole 
cricket (Fig. 5E-F). Likewise, the same panel of peptides were extracted 
1.75- and 2.17-fold higher with P3 in comparison to P1 from the roasted 
whole cricket sample, respectively (Fig. 5G-H). In contrast, P1 yielded 
1.41- and 1.1-fold higher AK response than P3 from roasted cricket 
powder for the same peptides, respectively (Fig. 5I-J). Taken together, 
the results highlight the importance of extraction protocol optimization 
for specific sample matrices. 

4. Discussion 

Protein extraction from insect tissues can be challenging due to the 
presence of significant amount of non-protein components. To overcome 
these challenges, a number of extraction protocols have been used in 
order to maximise the protein yield from processed or unprocessed in
sect samples and correlate protein concentration, identifications and/or 
their quantitative measurements with the extraction protocol (Choi 
et al., 2017; Hall et al., 2018; Srinroch et al., 2015; Yi et al., 2013). In 

this study, eight protein extraction buffer compositions were examined 
in terms of their capacity to yield protein and distinct peptide identifi
cations, as well as broadly representing physicochemical and functional 
properties. The capacity of these buffers to yield specific signal for pu
tative allergens was also investigated using a novel LC-MRM method. 
The initial proteome-scale study revealed that the urea-based buffers 
(P3) yielded the maximum number of proteins for whole cricket and 
roasted whole cricket (Figs. 1-2). The number of detected proteins were 
higher for roasted cricket powder when extracted with SDS buffer (P1, 
Fig. 3). To extract the proteins from insects, in-gel and in-solution-based 
sample preparation methods have been used with various solvents. The 
study presented herein provides evidence that the inclusion of a defat
ting step (P6) led to a consistent yield of peptide identifications and total 
protein concentration (Table S1; top panel). 

The most notable differences between the protocols used in this 
study resulted from the strengths of the extraction buffers. Urea and 
thiourea are neutral chaotropic agents commonly used to solubilise and 
denature proteins by disrupting hydrogen bonds and hydrophobic in
teractions between and within proteins. The results herein indicate that 
these chaotropic agents help to denature proteins for a more efficient 
solubilisation in comparison to Tris-HCl-based buffer; as observed pre
viously for Hermetia illucens, Tenebrio molitor, Alphitobius diaperinus and 
Acheta domesticus (Belghit et al., 2019). The exclusion of DTT from Tris- 
HCl buffer (P7) may also explain the detection of a comparatively small 
number of proteins as the addition of DTT will increase the reducing 
capacity of the buffer and allow for enhanced protein unfolding. In 
protocol 1 (P1), the inclusion of SDS (anionic detergent) led to a higher 
protein identification yield than other protocols tested (Table S1; bottom 
panel), likely due to the superior solubilisation power of the detergent. 
Although SDS is often used with urea to aid in dissolution of proteins, 
subsequent clean-up steps are required to separate the protein(s) from 
these compounds (Rodríguez-Rojas & Rolff, 2020). However, studies 
have reported that removing SDS can be difficult, and they can nega
tively impact the proteolytic enzymes and results in ion suppression 
(Bose et al., 2019; Fic et al., 2010). Thus, urea can be used as an alter
native to SDS for protein extraction. Taken together, the use of urea- 
based extraction processes was found to be rapid, simple and readily 
implemented without the need for additional steps such as defatting. 

Food processing is a critical determinant in terms of identification of 
proteins and peptides from various insect species (Belghit et al., 2019). 
The results from this study point to the existence of product processing- 
dependent variation within the proteome that could be exploited during 
food processing to prepare potentially less-allergenic products for con
sumers (Fig. S7; Table S3). The physicochemical profiling revealed that 
each buffer extracts unique sets of proteins which have different hy
drophobicity, pI, aromaticity and molecular weight (Figs. 1-3). This 
information can be useful when designing immunological assays or to 
develop ELISA assays for epitope quantitation. 

One of the principal goals of analytical chemistry is to deliver specific 
quantitative assays that can be easily applied to industrial or clinical 
needs, such as allergen quantitation in traditional and novel food 
matrices. In this regard, previous studies have reported the cross- 
reactivity of shrimp-allergic patients (Kamemura et al., 2019) to 
cricket proteins (Gryllus bimaculatus), necessitating the need to specif
ically measure these new allergens in any relevant consumer product. As 
a result, AK was selected as an exemplar target protein in the current 
study due to its putative status as a novel allergen. Relative quantitation 
of AKs can assist in the development of product processing methods that 
reduce the allergenic content for consumers (Figs. 4 and 5). While the 
method developed herein demonstrates a requirement for optimization 
for the detection and quantitation of AK in cricket samples and poten
tially in food products (Fig. 5), it should be noted that the use of de
naturants during extraction may preclude such extracts being useful for 
functional or activity testing. Insect-derived food products offer promise 
as an alternative high-protein source to meet global food demand for the 
growing population. According to EU guidelines, insect-based food 
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products are regarded as novel foods (Belluco et al., 2013). Therefore, 
allergenic risk assessment should be performed through comparing any 
newly identified proteins with known allergens and immune cross- 
reactivity analysis prior to accepting insect products as a food ingre
dient for commercial use (de Gier & Verhoeckx, 2018; Mazzucchelli 
et al., 2018). This current study provides a framework for bioinformatics 
analysis, in-silico mapping and quantitation strategies for other cross- 
reactive immunogenic AK peptides from various insect species 
(Fig. 5). Moreover, this study provides future research opportunities to 
develop LC-MRM-MS methods for further cross-reactive proteins (Fig. 4) 
such as tropomyosin (Kamemura et al., 2019) for industrial and food 
safety applications. 

5. Conclusion 

In conclusion, the results highlight that urea-based extraction buffer 
systems coupled with FASP can extract complex proteomes with diverse 
physicochemical properties. Furthermore, the inclusion of a defatting 
step prior to protein extraction did not provide superior protein and 
peptide identification yields, although it was shown to provide consis
tency in protein yield. No single method of protein extraction can be 
universally applied to all types of samples; however, the selection of 
extraction method will impact the overall representation of the cricket 
proteome as well as the detectability of specific cricket allergen proteins. 
This study has shown that extraction buffer and sample processing af
fects the detectability of an exemplar cricket allergen arginine kinase; 
future study will focus on developing quantitative methods for the 
remaining allergens detected herein. Taken together, specific or com
plementary buffer systems should be used to achieve the greatest pro
teome coverage or lowest limit of quantification, depending on the 
application. 
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