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A B S T R A C T

Migratory locust (Locusta migratoria) is an edible insect species that is usually consumed at the adult develop-
mental stage and represents a valuable source of proteins. Locusts can be processed into food ingredients or 
directly consumed after removal of legs and wings. Legs represent a unique matrix, which comprises a chitin- 
based exoskeleton typical for insects and muscle tissues commonly occurring also in other animals. Muscle 
proteins can be easily extracted from traditional animal sources, but the efficiency of these methods for locust 
legs as well as the functional characteristics of the resulting protein extracts have not been previously explored. 
This study first compared protein extraction methods at acid, alkaline, and salt-assisted conditions. All three 
methods resulted in a significantly higher extraction yield from locust leg muscles (0.465–0.595 g/g) than from 
whole locusts (0.061–0.125 g/g). Shotgun proteomics of the protein fraction extracted at alkaline conditions 
assigned 310 muscle proteins, comprising components assigned to energy and carbon metabolism, as well as to 
skeletal, protein folding, membrane trafficking, and cell adhesion functions. The techno-functional potential of 
locust leg muscles was assessed by a foamability assay. Foam stability of locust leg extracts varied as a function of 
pH extraction and re-solubilization conditions and was significantly higher (58.3–70.8 %) than for whey proteins 
taken as a benchmark (38.3–51.7 %); foam capacity at t = 0 h was in the range of 48.6–68.8 %. This study 
demonstrates that locust legs, which can be a by-product of locust consumption or processing, should be 
considered a rich source of muscle proteins with promising technological functionality.

1. Introduction

Current food systems need transformation to provide the growing 
population with healthy diets while developing more sustainable food 
systems (Willett et al., 2019). The livestock industry accounts for over 
70 % of all agricultural land and contributes approximately 15 % of all 
anthropogenic greenhouse gas emissions (Oonincx & de Boer, 2012). 
Shifting towards alternative protein sources, such as plant proteins, or 
proteins from animal species with a lower environmental impact, is 
considered an effective strategy to tackle this problem (Oonincx et al., 
2010). In this context, during the last decades, insects have gained 
increasing attention as a promising emerging food source. The main 
advantage of edible insect farming is their low environmental footprint, 
as they have a higher feed conversion efficiency in comparison to con-
ventional livestock, and their rearing results in a lower production of 
greenhouse gas and ammonia emissions (van Huis et al., 2013).

More than 2000 insect species are known to be edible with locusts, 
beetles, caterpillars, ants, and crickets being amongst the most 
consumed insects worldwide (Cerritos, 2009; Jongema, 2017). Migra-
tory locust (Locusta migratoria) was consumed for millennia in many 
countries of Asia and Africa, in which adult insects are collected from the 
wild during outbreaks and are usually eaten after roasting, boiling, or 
drying (Egonyu et al., 2021). Locust legs and wings are removed before 
the consumption of whole insects during preparation, as they can be a 
choking hazard upon consumption (van Huis, 2003; van Huis et al., 
2013). In Europe, migratory locust is a new food that has been autho-
rized as safe for human consumption by the European Commission 
(Turck et al., 2021). To make locusts more acceptable by European 
consumers, these insects are processed and incorporated into familiar 
food products in invisible forms (Siddiqui et al., 2023).

One of the distinguished features of adult locusts compared to other 
insects is that they have longer hind leg length, higher elastic 
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parameters, and mass increase (Mo et al., 2020). Locust leg muscles 
support jumping movements, while large thoracic muscles control flight 
(Norman, 1995; Robertson, 1988). Thus, muscles generally support the 
mobility of insects, including walking, flying, and jumping (Iwamoto, 
2011). Insect muscle proteins have been previously studied extensively 
through an evolutionary and physiological perspective (Bretscher & 
O’Connor, 2020; Hooper & Thuma, 2005; Nave & Weber, 1990; Zhao 
et al., 2012). Proteomic analysis with identification of locust muscle 
proteins was previously done as a part of a study on potential insect 
allergenicity (Barre et al., 2021). From the angle of using insects as food 
ingredients, the use of soluble protein fractions is of special interest due 
to the corresponding techno-functional characteristics (Mishyna et al., 
2021).

Muscle proteins occur mainly as water-insoluble components. In 
particular, previous studies on mealworms already demonstrated that 
muscle proteins, such as myosin chains, actin, and tropomyosin, are 
water-insoluble, that has been confirmed by proteomic analysis (Yi, Van 
Boekel, Boeren, et al., 2016). Therefore, extraction approaches specif-
ically for insect muscle proteins should be still developed to use them as 
food ingredients. The combination of such studies with proteomic 
analysis will provide additional insight into the nature of extracted 
proteins and contribute to knowledge on insect proteins as the proteo-
mic approach can be a powerful tool for the identification of insect 
proteins (Francis et al., 2020).

Extraction methods specific for muscle proteins have been studied 
extensively for fish and meat (Chen et al., 2017; Malva et al., 2018; 
Mohan et al., 2007; Nolsøe & Undeland, 2009; Pérez-Mateos & Lanier, 
2007; Raghavan & Kristinsson, 2008). Those studies focused on non- 
denaturing extraction methods, which are efficient in terms of protein 
recovery, while also preserving the functionality of the recovered pro-
teins (Xiong, 1997). Non-denaturing methods for extraction of muscle 
proteins are based on their good solubility in saline solutions, as well as 
in extreme pH values (acidic or alkaline) (Hashimoto et al., 1979). 
Extracted muscle proteins have promising functionality, mainly 
regarding their foaming, gelling, and emulsifying properties (Chan et al., 
2011; Hmidet et al., 2011; Hrynets et al., 2010; Omana et al., 2010; 
Pacheco-Aguilar et al., 2008; Ramachandran et al., 2007). Those prop-
erties are significantly influenced by different extraction treatments, as 
they alter the molecular conformation of the recovered proteins. 
Numerous studies were done on the extraction of bulk locust proteins 
using different conditions (Clarkson et al., 2018; Mishyna et al., 2019; 
Purschke et al., 2018) with the primary focus on the assessment of the 
extractability and techno-functionality. However, it is still not clear to 
what extent the extraction methods for muscle proteins are efficient for 
insect biomass, how such extractions affect protein functionality, and 
whether the outcome of such extraction methods is comparable to 
traditional ones. A study on an alternative approach for myofibrillar 
proteins extraction from black soldier flies with ultrasound-assistant 
method showed its effect on conformational changes and functional 
properties (Ni et al., 2024). Therefore, this study aimed to investigate 
the efficiency of protein extraction methods already developed for 
muscle-rich materials from traditional animals, for locust legs. In addi-
tion, testing the corresponding foamability potential as an example of 
their techno-functional characteristics was done.

Locust legs represent a unique matrix that comprises muscle and 
exoskeletal tissues. Such matrix complexity makes locust legs different 
not only from the counterpart of traditional breed animals but also from 
the whole insect body, which comprises various organs. Besides muscle 
proteins, the locust body contains other protein types such as proteins 
related to the nervous system, respiration, digestion, haemolymph, and 
the cuticle (Mishyna et al., 2021). Because of this, a special interest of 
the current study is not only the comparison of the recovery of protein 
fractions from locust legs and that of the whole-body counterparts but 
also protein characterization using proteomics.

2. Materials and methods

2.1. Materials

Migratory locusts (L. migratoria) at adult stage were purchased from 
Kreca Ento-Feed BV (Ermelo, The Netherlands). After being starved for 
24 h, they were frozen using liquid nitrogen and stored at − 80 ◦C. Before 
further processing, locust wings were manually separated and discarded. 
For the locust leg muscle samples, legs were separated, and their muscles 
were extracted manually by squeezing.

2.2. Protein extraction procedures

Protein extractions were performed in triplicate according to Arne-
sen and Gildberg (Arnesen & Gildberg, 2006), and Hashimoto and co-
workers (Hashimoto et al., 1979) with modifications. Whole locusts and 
locust leg muscles were homogenized with distilled water of around 4 ◦C 
(pH 7) at 1:10 wt ratio using Waring two speed blender at maximum 
speed, for 3 min. Then, all suspensions were centrifuged (4700 g, 20 
min, 4 ◦C). The supernatant (water-soluble protein fraction) and the 
pellet (water-insoluble protein fraction) were separated using a pipette 
and stored at − 80 ◦C for further analyses. The lipid fraction was dis-
carded. The pellet fractions were used for the following extractions. For 
the (i) acid- and (ii) alkaline-assisted extractions, each obtained pellet 
was suspended by stirring in phosphate buffer (15.6 mM Na2HPO4, 3.5 
mM KH2PO4, pH 7.5, 1:10 w/v), and pH was set to (i) 2 and (ii) 12, by 
adding (i) 2 M HCl and (ii) 2 M NaOH. For the salt-assisted extraction, 
each pellet was suspended in NaCl phosphate buffer (0.45 M NaCl, 15.6 
mM Na2HPO4, 3.5 mM KH2PO4, pH 7.5, 1:10 w/v), and pH was set to 9, 
by adding 2 M NaOH. All extractions were carried out for 30 min, fol-
lowed by centrifugation (4700 × g, 20 min, 4 ◦C). Supernatants and 
pellets from each method (protein extract) was stored at − 80 ◦C for 
further analyses. All steps were carried out on ice. Protein solubility was 
determined according to Sweers and colleagues (Sweers et al., 2023).

2.3. Protein molecular mass distribution

Sodium dodecyl sulphate–polyacrylamide gel electrophoresis 
(SDS–PAGE) was performed to determine the molecular mass distribu-
tion of the proteins from each obtained fraction under reducing condi-
tions, according to the method described by (Laemmli, 1970). Protein 
concentration for SDS-PAGE of water-insoluble fractions was not 
equalized between lanes. The used gels were 12 % Bis-Tris Gel 
(NuPAGE, Invitrogen), and the marker was Spectra™ Multicolor Broad 
Range Protein Ladder (ThermoFischer). Electrophoresis was done using 
XCell SureLock Mini-Cell using company’s power settings. Proteins were 
stained with Coomassie blue staining (Bio-Rad) for 1 h. Then gels were 
destained in ethanol/acetic acid/water, 1/1/8 (v/v/v) for overnight. 
Gels were scanned using Image Lab Software (Bio-Rad).

2.4. Determination of protein content

The soluble protein content of all extracts was determined by the 
bicinchoninic acid assay (PierceTM BCA Protein Assay Kit, Thermo 
Scientific), according to manufacturer’s instructions. The nitrogen 
content of whole locusts, locust legs, and locust leg muscles, as well as 
the corresponding extracted materials was determined by Dumas and 
colleagues. D-methionine was used for the calibration curve in the 
method of Dumas (AOAC Official Method, 2012). The nitrogen-to- 
protein conversion factors were 5.33 for whole locusts and locust legs 
(Boulos et al., 2020). This factor for locust leg muscles has not previously 
been reported in the scientific literature, but in this study a value equal 
to 5.60 was used because these tissues do not contain high amounts of 
chitin similarly to mealworm and black soldier fly for which the factor 
was previously reported (Janssen et al., 2017).
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2.5. Protein extraction for proteomic analysis

Locust leg muscles were mixed with water at the ratio of 1:10 (w/w) 
and homogenized for 2–3 min. Then the mixture was centrifuged at 
4700g for 20 min, at 4 ◦C and the supernatant was removed. The pellets 
were solubilized in water at 1:10 w/w ratio, and pH value was adjusted 
to pH 12 using 2 M NaOH while stirring. Next, the mixture was centri-
fuged at 4700g for 20 min, at 4 ◦C, and the supernatant was used for 
proteomic analysis.

2.6. Proteomic analysis

Locust leg protein extracts were analyzed in triplicate with prepar-
ative 12 % SDS-PAGE under reducing conditions, stained with colloidal 
Coomassie blue, and destained as reported above. The resulting gel was 
cut into 31 slices. These were triturated, washed with water and 
acetonitrile, S-alkylated with 55 mM iodoacetamide in 100 mM 
NH4HCO3, washed again and finally digested with trypsin (12.5 ng/µL) 
in 50 mM NH4HCO3, 5 mM CaCl2 (Zhou et al., 2004). Peptide mixtures 
were desalted/concentrated using ZipTip μC18 (Merck, Darmstadt, 
Germany), vacuum-dried in a Savant roto-evaporator (Thermo Fisher 
Scientific, USA) and finally reconstituted in 0.1 % v/v formic acid. 
Digest samples were analyzed in technical duplicate by means of a 
nanoLC-ESI-Q-Orbitrap-MS/MS platform consisting of an UltiMate 3000 
HPLC RSLC nano-chromatographer (Thermo Fisher Scientific, San Jose, 
USA) linked to a Q-ExactivePlus mass spectrometer through a Nanoflex 
ion source (Thermo Fisher Scientific) (Ben Abdallah et al., 2018). Pep-
tides were loaded on an Acclaim PepMapTM RSLC C18 column (150 mm 
length × 75 μm ID, 2 μm particles, 100 Å pore size) (Thermo Fisher 
Scientific, San Jose, USA), and eluted with a gradient of solvent B 
(19.92/80/0.08 v/v/v water/acetonitrile/formic acid) in solvent A 
(99.9/0.1 v/v water/formic acid), at a flow rate of 300 nL/min. The 
gradient of solvent B started at 3 %, increased to 40 % over 50 min, 
increased to 80 % over 5 min, remained at 80 % for 4 min, and finally 
returned to 3 % in 1 min, with a column equilibrating step of 20 min 
before the subsequent chromatographic run. The mass spectrometer 
operated in data-dependent mode, using a full scan range (m/z 
375–1500, resolution of 70,000 at m/z 200), followed by MS/MS scans 
of the 10 most abundant ions. MS/MS spectra were acquired in a dy-
namic scan m/z range, using a normalized collision energy of 28 %, an 
automatic gain control target of 100,000, a maximum ion target of 120 
ms. The dynamic exclusion value was set at 30 s.

For protein identification, all raw mass data files associated with 
protein digest of slices were analyzed with Proteome Discoverer v. 2.4 
software (Thermo Fisher Scientific), enabling database search with 
Mascot algorithm v. 2.4.2 (Matrix Science) according to a shotgun 
proteomic approach (Vitale et al., 2014). Database searching was per-
formed with the following criteria: Orthoptera protein sequence database 
(downloaded from NCBI and including 257,567 entries); carbamido-
methylation at Cys as fixed modification; oxidation at Met, pyrogluta-
mate formation at N-terminal Gln, phosphorylation at Ser/Thr, and 
deamidation at Asn/Gln as variable modifications. Parent peptide mass 
tolerance was set to ± 10 ppm and to ± 0.05 Da for MS/MS fragments. 
Trypsin was set as the proteolytic enzyme, and the maximum number of 
missed cleavages was limited to 2. Proteome Discoverer peptide candi-
dates were considered confidently identified only when the following 
criteria were satisfied: i) protein and peptide false discovery rate (FDR) 
confidence: high; ii) peptide Mascot score > 25; iii) peptide spectrum 
matches (PSMs): unambiguous; iv) rank of the peptide match (peptide 
rank): 1; v) normalized score difference between the selected PSM and 
the highest-scoring PSM for that spectrum (Delta CN): 0. Protein iden-
tification was considered relevant when PSMs were ≥ 2 for each gel 
portion.

2.7. Bioinformatic analysis

Locust protein network analysis and functional annotations were 
obtained with STRING software v. 12 (https://string-db.org/) 
(Szklarczyk et al., 2023) using Drosophila melanogaster orthologous 
genes. Result output integrated gene ontology (GO) categories [Biolog-
ical Process (BP), Molecular Function (MF), and Cellular Component 
(CC)] (The Gene Ontology Consortium, 2017), and Reactome (Milacic 
et al., 2024), Kyoto Encyclopedia of Genes and Genomes (KEGG) 
(Kanehisa et al., 2017), and BioCyc (Caspi et al., 2020) annotations. 
Identification of putative locust allergens was obtained carrying out a 
Basic Local Alignment Search Tool (BLAST) analysis against 3245 
known allergenic molecules present within the Allergome v. 4 database 
(Mari et al., 2009), through the dedicated aligner command-line appli-
cation. The results of BLAST analysis were further filtered to retain only 
allergens showing at least a 50 % sequence identity or having the same 
protein name and > 25 % sequence identity.

2.8. Foam capacity and foam stability

The foam capacity of protein extracts was determined according to 
the method of Wilde and Clark (Wilde & Clark, 1996) with small mod-
ifications. All extracts were standardized at a protein concentration of 
1.5 mg/mL using BCA assay as described above; pH was adjusted to 3 
different values (5.5, 7, and 8.5), and salt concentration was not 
equalized between the samples. Next, 17 mL of each solution was 
transferred into a 25 mL graduated cylinder and aerated using an Ultra- 
Turrax homogenizer (T4, 25,000 rpm) for 30 s. The volume of the foam 
was recorded for 1 h. Foam capacity was expressed as percent volume 
increase after aeration, foam stability was expressed as the percentage of 
foam remaining after 1 h. Whey protein isolate (purchased by Bulk™, 
Essex, England) was used as a reference sample. All measurements were 
performed in triplicate.

2.9. Statistical analysis

Statistical analysis was done using analysis of variance (ANOVA), 
followed by Tukey’s range test, to compare the mean group values of 
triplicate measurements, with a significance level of 0.05.

3. Results and discussion

3.1. Water-soluble and water-insoluble proteins

The crude protein content of whole locusts was 48.5 ± 0.4 % dry 
mass (DM). Similar values were reported by Boulos et al. (Boulos et al., 
2020), while another study described higher concentrations (65.9 % 
DM) (Purschke et al., 2018). In the latter, a nitrogen-to-protein con-
version factor of 6.25 was used, which led to an overestimation of 
protein content due to the presence of non-protein nitrogen in insects 
(Jonas-Levi & Martinez, 2017). The crude protein content of locust legs 
before the removal of the corresponding exoskeleton was 71.8 ± 0.3 % 
DM and 77.9 ± 0.2 % DM after exoskeleton removal.

The step of the separation of water-soluble and water-insoluble 
proteins was accomplished to ensure the efficiency of the following 
protein extraction procedures. Also, this step led to the partial removal 
of fat, that is desirable, as fat can negatively affect the extraction yield of 
proteins (Purschke et al., 2017). Aqueous protein extraction resulted in a 
higher recovery of water-soluble proteins from whole locusts (80.4 %) 
than from insect leg muscles (28.3 %) (Fig. 1). This is explained as a 
result of the well-known occurrence of highly soluble proteins, such as 
the haemolymph ones, in whole locusts (Kanost et al., 1990). In contrast, 
locust leg muscles are rich in myofibrillar proteins, which have poor 
solubility in water (Yi, Van Boekel, Boeren, et al., 2016). The water- 
soluble fraction of the locust leg muscles could comprise sarcoplasmic 
proteins (Volmer Hans, 1981), which account for approximately 25–30 
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% of total proteins in muscle tissues of fish and livestock (Geirsdottir 
et al., 2007), but the ratio of this molecular class is not known for locust.

3.2. Solubility profiles

The solubility profiles of the water-insoluble protein fractions with 
and without the presence of salt (0.6 M NaCl) are presented in Fig. 2. 
When no salt was present, an increase in protein solubility was observed 
at extreme pH values for both water-insoluble protein extracts. For 
whole locusts, maximum solubility (~60 %) in alkaline conditions was 
determined at pH 12, and ~30 % in acidic conditions at pH 2. For locust 
leg muscles, the solubility curve was the typical U-shape already 
described for myofibrillar proteins (Abdollahi & Undeland, 2018; 
Geirsdottir et al., 2007; Kristinsson & Hultin, 2003a). Protein solubility 
of locust leg muscles was substantially higher at extreme pH values, 
reaching up to ~ 90 % at both pH 2 and pH 12. The lowest protein 
solubility was at around pH 5.5 for both whole locusts and locust leg 
muscles. It differed from the previously reported isoelectric point at 
around pH 4 (Mishyna et al., 2019; Purschke et al., 2018); this was 
explained as the result of the additional step of protein extraction done 
in this study, where water-soluble proteins were removed determining a 
possible shift of the isoelectric point.

The addition of salt resulted in different effects on the solubility 
curve of both extracts. Specifically, protein solubility of the extracts 
from whole locusts significantly increased at the area of isoelectric point 
and up to pH 8; in all other tested pH values, protein solubility was 
significantly lower than without salt. For proteins of locust leg muscles, 
the isoelectric point shifted to around pH 4 and solubility also increased 
between pH 5.5 and pH 10. In the latter context, the largest solubility 
increase associated with augmented ionic strength was observed at pH 9 
(from 39.9 % to 73.1 %). An increase of protein solubility in the presence 

of 0.3–1.0 NaCl (salting-in effect) was previously reported for yellow 
mealworm (Yi, Van Boekel, & Lakemond, 2016), as well as for meat 
(Zhao et al., 2020) and myofibrillar proteins (Hong & Xiong, 2012; Li 
et al., 2022). The observed low solubility at acidic pH values and the 
shift in the isoelectric point was hypothetically associated with the fact 
that Cl− has a stronger binding affinity for positively charged groups 
compared to the one of Na+ for negatively charged moieties (Hamm, 
1961).

3.3. Molecular mass distribution of proteins

Fig. 3 shows the molecular mass distribution of water-insoluble 
proteins from whole locusts and locust leg muscles solubilized at pH 
values from pH 2 to pH 12. The total intensity of the protein bands was 
in line with the solubility curves, with almost no components observed 
at pH values close to the molecular isoelectric point values, and an 
increased band intensity at more alkaline and acidic pH values.

The protein pattern of the whole locust extract was notably different 
from that of the insect leg muscle counterpart, as result of the presence 
in the former of components from organs located in head, thorax, and 
abdomen. Most of the proteins in the whole locust extracts (Fig. 3A) at 
pH 2–4 and pH 8–12 occurred within the range of 100–170 kDa. In the 
extract obtained at pH 2, additional proteins appeared at 43–45 kDa. 
The dominant bands in extracts from locust leg muscles were at the mass 
ranges of 40–45 kDa, 120–140 kDa, and 160–260 kDa (Fig. 3B). Above- 
mentioned electrophoretic profiles differed from the ones obtained for 
soluble proteins of whole locusts where, along with high-intensity bands 
with molecular mass of 100–170 kDa, numerous protein bands between 
15 and 10 kDa were observed as well.

3.4. Extraction yield

The extraction yield obtained by three methods from water-insoluble 
protein fractions derived from the locust whole body and leg muscles is 
shown in Table 1.

The protein solubilization at alkaline conditions (pH 12) was asso-
ciated with the highest fraction yield for both start materials (0.125 and 
0.595 g/g for whole locusts and insect leg muscles, respectively). The 
lowest extraction yield was obtained in the salt-assisted (0.6 M NaCl) 
extraction method at pH 9 for both materials. For whole locusts, the 
solubility at pH 12 was significantly higher than that at pH 2, which is in 
line with previously reported data (Rose et al., 2023). A comparison of 
the results obtained for whole locusts and insect leg muscles revealed a 
five to nine times significantly higher recovery of proteins from locust 
legs at pH 2, pH 12 and pH 9 + 0.6 M NaCl. It was opposite to the re-
covery of water-soluble proteins from these materials; therefore, most of 
the soluble proteins from whole locusts were already solubilized at the 
step of water extraction. In addition, whole locusts contain chitin and 
therefore contain proteins that are bound to chitin, such as cuticular 

Fig. 1. Protein recovery (% total protein) of water-soluble and water-insoluble 
fractions extracted from whole locusts and locust leg muscles.

Fig. 2. Protein solubility of water-insoluble fractions of whole locusts (A) and locust leg muscles (B) as affected by pH and salt addition (0.6 M NaCl).
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proteins (Muthukrishnan et al., 2020), and thus cannot be extracted by 
the tested methods.

3.5. Protein identification

Locust leg muscle protein extracts were analyzed with preparative 
SDS-PAGE under reducing conditions (Fig. 4). The resulting gel was 
stained with colloidal Coomassie, destained, and cut into 31 slices, 
which were further treated with iodoacetamide and trypsinolyzed. 
Derived peptide mixtures were analyzed according to a shotgun prote-
omic approach. A search of recorded mass spectrometric data against an 
updated Orthoptera protein sequence database (NCBI) identified 310 
protein entries mostly related to various locust species (Supporting In-
formation Table S1), among which those associated with known muscle 
components showed the highest values of sequence coverage (%), 
number of identified peptides and peptide spectrum matches. In 
particular, intense protein bands at 17, 27, 35, 43, 51, 73, 100, 150 and 
220 kDa were associated with myosin light chain isoforms, myosin 
regulatory light chain, tropomyosins, actin, muscle LIM proteins, heat 
shock protein 70 kDa protein cognate isoforms, α-actinin, myosin heavy 
chain isoforms and twitchin isoforms, respectively, plus additional 
muscle components.

With the aim to analyze identified locust proteins according to their 
association network and functional annotation, the corresponding 
sequence entries (Supporting Information Table S2) were loaded in the 
STRING portal (Szklarczyk et al., 2023) and matched with the comprised 
Drosophila melanogaster database using the default minimum required 
interaction score (medium confidence, 0.4). This analysis allowed pre-
dicting a locust muscle protein association map including 239 compo-
nents and consisting of a predominant ramified network linking together 
221 molecules, plus one distinct quaternary molecular complex 
(Fig. 5A). The involvement of most locust proteins in the former network 
emphasized the occurrence of a functional assembly bridging various 
metabolic pathways and molecular processes associated with locust leg 
physiology. When a functional clustering of assigned proteins was 

applied to above-reported network, 5 subnetworks were identified that 
included enzymes associated with energy and carbon metabolism (125 
entries), skeletal proteins (54 entries), and components involved in 
protein folding (23 entries), membrane trafficking (9 entries), and cell 
adhesion (4 entries) (Fig. 5B). The subnetwork outputs describing the 
corresponding integrated Biological Process, Molecular Function and 
Cellular Component GO categories (The Gene Ontology Consortium, 
2017), and Reactome (Milacic et al., 2024), KEGG (Kanehisa et al., 
2017), and BioCyc (Caspi et al., 2020) annotations are reported in 
Supporting Information Tables S4–S8. These results were in perfect 
agreement with previous proteomic studies on various animal muscle 

Fig. 3. SDS-PAGE of proteins extracted from water-insoluble fractions of whole locusts (A) and locust leg muscles (B) at various pH values under reducing conditions. 
MW (molecular weight) lanes correspond to the standard protein markers.

Table 1 
Extraction yield (g/g of starting material, dry basis) of fractions from whole 
locust and locust leg muscles obtained under three different extraction 
conditions.

Extraction condition Whole locust Locust leg muscles

pH 2 0.061 ± 0.008a 0.556 ± 0.012a

pH 12 0.125 ± 0.003b 0.595 ± 0.060a

pH 9 + 0.6 M NaCl 0.064 ± 0.001a 0.465 ± 0.011b

Values are reported as mean ± S.D. (n = 3). Different superscripts in the same 
column denote significant differences between extraction methods (p < 0.05).

Fig. 4. SDS PAGE of protein extracts from locus legs (lane 2, 3, 4). Line 1: 
standard protein markers. Numbering on the right corresponds to gel cutting 
into 31 slices.
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Fig. 5. STRING association map of the proteins (310 in number) identified in locust leg muscles after matching their sequence with the D. melanogaster database. 
Default median-confidence interactions are shown. Protein codes are reported in Supporting Information Table S3. (A) Association map of locust leg muscle proteins 
including 239 components and consisting of a predominant ramified network linking together 221 molecules, plus one distinct quaternary molecular complex. (B) 
Functional clustering of the assigned protein nodes within the above-reported STRING network, which identified five subnetworks including enzymes associated with 
energy and carbon metabolism (red), skeletal proteins (yellow), and components involved in protein folding (green), membrane trafficking (light blue), and cell 
adhesion (velvet).
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types reporting the most important functional classes of proteins in these 
tissues (Murphy et al., 2016) (Supporting Information Fig. S1).

Edible insects can cause allergic reaction and possess risk for cross- 
reactivity of house dust mite to migratory locusts (Pali-Schöll et al., 
2019). Previous studies on the identification of allergens from several 
insect species including migratory locust, identified both protein aller-
gens which are phylogenetically-related to other arthropods and mol-
lusks as well as insect-specific proteins. The latter included 
chemosensory protein, hexamerin, and the odorant-binding protein 
(Barre et al., 2021). In this study, matching sequence information of 
identified locust proteins with respect to insect (I), crustacean (C), fish 
(F), mollusk (M), bovine (B), plant (P) and fungal (Y) allergen entries 
(reported below in parenthesis) within the Allergome database (Mari 
et al., 2009) provided information on grasshopper components puta-
tively eliciting allergenic response after ingestion, contact and/or 
inhalation. They included: phosphoglucomutase (Dan re PGM, muscle, 
F); glutathione S-transferase (Per a 5, muscle, I); glyceraldehyde-3- 
phosphate dehydrogenase (Per a 13, I); tubulin isoforms (Lep d 33, 
whole body, I); porin (Cul q 6, I); cytochrome c (Cur l 3, Y); heat shock 
protein 70 isoforms (Blo t 28 and Aed a 8, whole body, I); heat shock 
protein 80 isoforms (Hev b HSP80, latex, P); nucleoside diphosphate 
kinase (Dan re NDKB, muscle, F); myosin heavy chain isoforms (Myt g 
PM, muscle, M); transferrin (Bos d LF, muscle, B); actin isoforms (Sal s 
alpha-actin, muscle, F); troponin isoforms (Pon l 7, muscle, C, and Bla g 
6, muscle, I); laminin isoforms (Bos d laminin, muscle, B); adenylate 
kinase (Epi co AdK, muscle, F); myosin light chain isoforms (Cra c 5, 
muscle, C, and Bla g 8, muscle, I); ATP synthase isoforms (Bos d OSCP, 
muscle, B); glucose-6-phosphate isomerase (Pan h 11, muscle, F); py-
ruvate kinase (Lit v PK, muscle, C); gelsolin (Der f 16, whole body, I); 
aspartate aminotransferase (Bos d AATr, muscle, B); arginine kinase (Per 
a 9, muscle, I); actinin (Der f actinin, whole body, I); triosephosphate 
isomerase (Pan h 8, muscle, F); superoxide dismutase (Sola l SOD, fruit, 
P); fructose-bisphosphate aldolase (Gal d 10, muscle, chicken); chitinase 
(Per a 12, whole body, I); malate dehydrogenase (Citr l MDH, fruit, P); 
hemocyanin isoforms (Per a 3, whole body, I); peroxiredoxin isoforms 

(Ory s 32, fruit, P, and Pen ma 3, Y); guanine nucleotide-binding protein 
isoforms (Bla g RACK1, whole body, I); phosphoglycerate kinase (cand a 
PGK, whole body, I); enolase (Bla g enolase, whole body, I); tropomyosin 
isoforms (Dro m 7, Tri ca 7, Bla ca 7, and Loc m 7, muscle, I); cyclophilin 
(Der f 29, whole body, I); calcium-transporting ATPase sarcoplasmic/ 
endoplasmic reticulum type (Chi o SERCA, muscle, C); translation 
elongation factor 2 (Der f EF, whole body, I); nascent polypeptide- 
associated complex subunit alpha-like (Can f Homs2-like, dandruff, 
canis); profilin (Mus a 1, fruit, P); lactate dehydrogenase (Bos d LD, 
muscle, B); apolipophorin (Onc m 5, egg, F) (Supporting Information
Table S9). The allergenic action of above-reported locust proteins was 
previously verified only in the case of muscle tropomyosin (Loc m 7, 
P31816)(Mari et al., 2009). In order to decrease potential allergic re-
action, insects can be processed with use, for example enzymes or heat 
treatment (Pali-Schöll et al., 2019).

3.6. Foaming properties

Foaming properties were determined for leg muscle protein extracts 
due to higher extraction yield. Fig. 6 shows the foaming capacity of the 
muscle proteins extracted at pH 5.5, pH 7, and pH 8.5, when compared 
to reference whey proteins assayed at the same protein concentration. At 
pH 5.5, initial foaming capacity was the highest for whey proteins and 
muscle proteins extracted at pH 9, NaCl 0.6 M (57.1 %). At pH 7 and pH 
8.5, foaming capacity for locust leg muscle extracts was in the range of 
57.1–68.8 %, and for whey proteins 50.5–57.1 %. Incubation of foam for 
60 min resulted in a noticeable decrease of the foam volume at a higher 
degree for whey proteins, than for locust extracts. Foam stability 
(Table 2) at pH 5.5 after one hour of incubation for all muscle extracts 
was significantly higher (66.7–70.8 %) than for whey proteins (38.3 %). 
A similar trend was observed at pH 7 with the highest value for locust leg 
muscle proteins extracted at pH 9 + 0.6 M NaCl (68.5 %). At pH 7, the 
foam stability of locust extracts was closer to that of whey proteins (51.1 
%), than at pH 5.5, but significantly higher than whey proteins at both 
pH values. At pH 8.5, foam stability of whey proteins and locust muscle 

Fig. 6. Foaming capacity of locust leg muscle protein extracts obtained at pH 2 (A), pH 12 (B), pH 9 + 0.6 M NaCl (C), and of the reference whey proteins (D). 
Foaming capacity was evaluated as a function of pH and time (n = 3).
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extracts (pH 2 and pH 12) was not significantly different (51.7 %, 66.2 
%, and 60.5 %, respectively); however, this parameter for whey proteins 
was significantly lower than that of locust extracts obtained at pH 9 +
0.6 M NaCl (68.2 %).

According to Townsend and Nakai (Townsend & Nakai, 1983), high 
protein surface hydrophobicity and moderate dispersibility are ideal for 
foam formation. The balance between hydrophobicity and solubility 
allows the proteins to rapidly adsorb on the air–liquid interface and 
unfold, stabilizing the air bubbles. Based on the results of foam stability 
(Table 2), it can be assumed that the solubility of protein extracts ob-
tained at pH 9 + 0.6 M NaCl was the highest when it was adjusted to pH 
5.5, pH 7, and pH 8.5 for foam tests. In addition, it should be noted that 
net protein charge and charge distribution also affected foaming prop-
erties (Pacheco-Aguilar et al., 2008). The presence of 0.3 M NaCl in the 
buffer might therefore have a significant effect on these results.

As shown by proteomic analysis, locust leg muscle extract obtained 
at pH 12 contained a great number of muscle proteins. Previous studies 
assessed solubility, emulsifying and gelling properties of myofibrillar 
protein fractions from cod muscles obtained at pH 11 and 2.5 with 
following readjustment to 7.5 (Kristinsson & Hultin, 2003b). According 
to this study, the mechanism through which myosin molecules unfold at 
extreme pH differs between acidic and alkaline conditions. At high pH 
values, a fraction of myosin light chains dissociates, and heavy chains 
remain associated, while at low pH values, both heavy and light chains 
dissociate almost fully. Upon refolding at neutral pH values, the mo-
lecular structure of myosin is also different, as light chains remain 
partially dissociated after alkaline treatment (Kristinsson & Hultin, 
2003b). It can be assumed that similar structural variations occurred in 
locust protein fractions obtained at extreme alkaline and acid pH values, 
but their occurrence should be confirmed by further studies for insect 
proteins. However, it should be noted that the extent of potential 
structural changed did not result in differences in foam stability in this 
study.

While the current study demonstrates extraction approaches at 
extreme pH or increased ionic strength, recent studies proposed other 
alternatives to solubilise muscle proteins. A recent review article sum-
marized the main existing directions for the improvement of solubility 
and thermostability of myofibrillar proteins, which comprise glycosyl-
ation, use of amino acids, use of proteases, high-intensity ultrasound and 
high-pressure processing, and other methods (Wang et al., 2022). One of 
the most promising methods utilized for increasing the solubility of 
porcine myofibrillar proteins is based on the use of lysine and 0.3 M 
NaCl (to ensure low ionic strength) (Li et al., 2022). It should be noted 
that all methods have their positive and negative effects, which might 
impact the quality of the products where these food ingredients would 
be used. In this study, extracts obtained at extreme pH values had 
yellowish colour, which was not developed during salt-assisted extrac-
tion at milder pH values.

It should be noted that small size of locust legs possesses low feasi-
bility of manual separation of locust leg muscles even considering the 
weak attachment of leg muscles to exoskeleton; accordingly, dedicated 
methods applicable for industrial scale should be further developed.

4. Conclusions

This study explored the applicability of protein extraction methods 
typically used for traditional animal sources in the case of whole locusts 
and insect leg muscles. Three tested extraction methods (acid-, alkaline-, 
and salt-assisted) were efficient in protein recovery with the highest 
yield at extreme pH 2 and pH 12 for locust leg muscles. Recovery of 
muscle proteins after extraction at pH 12 has been confirmed by pro-
teomic analysis. The molecular mass distribution of extracted proteins 
varied strongly as a function of the starting material (whole locusts or 
insect leg muscles) and also based on pH value. It can be concluded that 
locust leg muscles possess similarities to muscle tissues of other animals, 
and the methods used for muscle extraction in the latter cases are also 
applicable to insects. In addition, proteins of locust leg muscles 
demonstrated promising results in their foaming properties. Further 
studies are needed to explore other techno-functional characteristics and 
how extracted insect materials can be used for food applications.

The process of industrial separation of legs from locust body is not 
yet developed. In this context, locust legs should be considered as an 
important by-product of locust consumption and/or processing and as a 
valuable source of muscle proteins. The re-use of this by-product should 
be highly considered, based on protein recovery and techno-functional 
characteristics. Thus, this study contributes to the development of 
knowledge and solutions for the postharvest processing of edible insects, 
which are important players of protein transition and future circular 
economy.
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Table 2 
Foam stability (%) of proteins extracted from locust leg muscles at pH 2, pH 12, 
and pH 9 + 0.6 M NaCl, and whey proteins.

Sample Foam stability, %

pH 5.5 pH 7 pH 8.5

Whey proteins 38.3 ± 7.6a 51.1 ± 7.3ab 51.7 ± 2.9abc

Locust leg muscle proteins:
pH 2 66.7 ± 3.4cd 61.1 ± 5.6bcd 66.2 ± 9.9bcd

pH 12 70.6 ± 0.0d 58.3 ± 3.6bcd 60.5 ± 4.6bcd

pH 9 + 0.6 M NaCl 70.8 ± 1.4d 68.5 ± 3.2d 68.2 ± 4.5d

Values are reported as mean ± S.D. (n = 3). Different superscripts in the same 
column denote significant difference between the samples (p < 0.05).
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