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Abstract: Edible insects have great potential to be human food; among them, aquatic insects have
unique characteristics and deserve special attention. Before consuming these insects, the nutrition
and food safety should always be considered. In this review, we summarized the species diversity, nu-
trition composition, and food safety of edible aquatic insects, and also compared their distinguished
characteristics with those of terrestrial insects. Generally, in contrast with the role of plant feeders that
most terrestrial edible insect species play, most aquatic edible insects are carnivorous animals. Besides
the differences in physiology and metabolism, there are differences in fat, fatty acid, limiting/flavor
amino acid, and mineral element contents between terrestrial and aquatic insects. Furthermore,
heavy metal, pesticide residue, and uric acid composition, concerning food safety, are also discussed.
Combined with the nutritional characteristics of aquatic insects, it is not recommended to eat the
wild resources on a large scale. For the aquatic insects with large consumption, it is better to realize
the standardized cultivation before they can be safely eaten.

Keywords: entomophagy; terrestrial insects; health benefits; contaminant; selenium; insect farming

1. Introduction

Human beings have a very long and rich history of entomophagy, especially in Africa,
Asia, and Latin America [1–4]. There are plentiful and colorful customs and cultures of
entomophagy in these areas. To some ethnic groups, such as Mazahua and Nahuas in
Mexico [5], Gelao in China [2], and Kiriwinians in Papua New Guinea [6], entomophagy not
only means an indigenous practice of the consumption of insects, but is also imbibed into
the ethnic culture and traditional ecological knowledge [7,8]. Entomophagy has decreased
significantly with the development of modern agriculture; however, it still exists and plays
important roles in the lives of people in underdeveloped areas. In recent years, considering
their outstanding source of nutrition [9], low levels of greenhouse gas emissions [10],
limited agricultural land being required [11], and potential socio-economic benefits, edible
insects have been considered as valuable and sustainable alternative nutrition sources
for food security [12]. The topics of “edible insects as food candidates” or “insects as
an alternative protein source” have received a huge amount of attention [3,13]. Up until
now, great progress in those topics has been achieved due to the encouragement of the
greater use of insects in our diets by the Food and Agriculture Organization of the United
Nations [14], as well as technological advances in research on the nutrition, safety and
farming of insects.

Aquatic insects are composed of around 76,000 species, found in a wide range of
aquatic (and semiaquatic) habitats, from springs, ponds and lakes to large rivers [15,16].
As edible insects, edible aquatic insects have a long history of utilization [5] too. These
insects could have great potential to service humans with nutrition and health benefits;
for example, the captured biomass of aquatic insects in Zaire (Central Africa) has already
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reached a very high value, with 16 tons/year in 1989 [17]. However, as compared to edible
terrestrial insects, such as the black soldier fly, mealworm, cricket, and grasshopper, fewer
aquatic insects appear in the market and daily life, and the same situation exists in terms
of research. Insects inhabit a large variety of environments with different feeding habits;
the majority of terrestrial insects are phytophagous, while the majority of aquatic insects
are carnivores [18]. What is the difference or potentiality between the use of edible aquatic
insects and terrestrial insects? In this review, the characteristics of aquatic insects were
summarized to provide information to better develop and utilize this kind of resource.
Here, ‘aquatic insects’ refers to aquatic and semi-aquatic insects in or from freshwater.

2. Aquatic Insects and Its Resource as Food and Feed

Aquatic insects have very rich species diversity, though aquatic insects represent only
10% of the insect species and only include 12 orders [19,20], and they share some of the same
orders with terrestrial insects taxonomically. The relevant biology, natural habitats, and
comparisons of aquatic insect orders have been well summarized by D. Dudley Williams
and Siân S. Williams [19]. Six of the 12 orders of aquatic insects are likely to contain candi-
date species for food and feed [19,21,22]. They are Coleoptera (beetles), Diptera (true flies),
Ephemeroptera (mayflies), Hemiptera (true bugs), Odonata (dragonflies/damselflies), and
Trichoptera (caddisflies). Judging from the research and utilization reports from Southwest
China and Japan, the order Megaloptera has the potential to be a candidate species, because
it has been used as food and folk medicine for a long time, with remarkable economic
value [23,24]. The insects are widely distributed all around the world, and its breeding
technology of some species has gradually matured [25,26].

To update the list of edible aquatic insects, the methods of Macadam and Stockan [22]
have been followed. Two main sources, Jongema (2017) [27] and Mitsuhashi (2016) [28],
and other sources (Supplementary Table S1), were screened for the list. The list contains
329 species belonging to 153 genera, and 51 families coming from 46 countries (Table 1).
Given that over 2000 insect species are eaten, edible aquatic insects account for about 15%
of the total number. The species belong to eight orders, namely, Coleoptera, Odonata,
Hemiptera, Diptera, Trichoptera, Megaloptera, Ephemeroptera, and Plecoptera, ordered
from high to low. Among them, Coleoptera, Odonata, and Hemiptera contribute over 3/4
of the number of species, and they are all predatory. The naiad/larva is the main edible
stage of aquatic insects. Most species are consumed in Mexico, Japan, China, Thailand,
India, and Venezuela.

Table 1. The species information of edible aquatic insects.

Order Number Feeding
Habits

Edible
Stage

Mainly Edible Family—Genus
(Edible Species Number)

Edible Country
(Edible Species Number)

Ephemeroptera 11 phytophagous naiad, adult Ephemeridae—Ephemera (3),
Baetidae—Cloeon (2)

India (3), Mexico (2), Malawi
(2), Japan (2), China, Papua
New Guinea, Kenya, Malawi,
Tanzania, Uganda

Odonata 72 predatism naiad, adult

Libellulidae—Sympetrum (8),
Libellulidae—Orthetrum (7),
Aeschnidae—Rhionaeschna (4),
Libellulidae—Neurothemis (3),
Libellulidae—Trithemis (3),
Aeschnidae—Anax (3),

India (14), China (13),
Thailand (13), Indonesia (12),
Venezuela (10), Japan (10),
Ecuador (4), Mexico (3), Laos
(3), Madagascar (2), Myanmar
(2), Vietnam (2), USA, Italy,
South Korea, D.R.Congo

Plecoptera 11 omnivorous naiad Pteronarcyidae—Pteronarcys (4) Japan (6), USA (4), India (2)



Foods 2021, 10, 3033 3 of 20

Table 1. Cont.

Order Number Feeding
Habits

Edible
Stage

Mainly Edible Family—Genus
(Edible Species Number)

Edible Country
(Edible Species Number)

Hemiptera 68 predatism egg, naiad,
adult

Nepidae—Laccotrephes (7),
Belostomatidae—Lethocerus (6),
Nepidae—Ranatra (5)
Belostomatidae—Abedus (3),
Belostomatidae—Diplonychus (3),
Belostomatidae—Sphaerodema (3),
Corixidae—Corisella (3),
Corixidae—Graptocorixa (3)

Mexico (17), Thailand (17),
China (8), Japan (8), India (7),
Venezuela (4), Madagascar (4),
Laos (4), USA (3), Myanmar
(3), Vietnam (2), D.R. Congo,
Cameroon, Zambezian region,
Malaysia, Mali, Singapore, Sri
Lanka, Republic of Congo,
Togo, Malawi, South Korea

Megaloptera 15 predatism larva Corydalidae—Acanthacorydalis (6),
Corydalidae—Corydalus (4)

China (9), Japan (2), Peru (2),
Mexico, Colombia, Venezuela

Coleoptera 108 predatism larva, pupa,
adult

Dytiscidae—Cybister (32),
Hydrophilidae—Hydrophilus (14),
Dytiscidae—Dytiscus (6),
Dytiscidae—Rhantus (6),
Dytiscidae—Laccophilus (5),
Hydrophilidae—Tropisternus (5),
Gyrinidae—Gyrinus (4)

Mexico (35), China (26), Japan
(22), Thailand (21), India (11),
Madagascar (10), Laos (9),
Vietnam (7), Myanmar (6),
Senegal (4), North Korea (3),
Sri Lanka(3), Benin (3),
Malaysia (3), Togo (3), Chile
(3), Sabah (2), Cambodia (2),
South Korea (2), USA (2),
Indonesia (2), Cameroon (2),
Turkey (2), Peru (2), Australia
(2), Sierra Leone, D.R.Congo,
Gabon, Panama

Diptera 27 saprophagous larva, pupa

Chaoboridae—Chaoborus (4),
Tipulidae—Tipula (4),
Ephydridae—Ephydra (3),
Simuliidae—Simulium (3)

USA (7), Uganda (6), Mexico
(5), Venezuela (2), Japan (2),
Kenya (2), Tanzania (2), Brazil,
China, Colombia, Malawi, N.
Am., Nearctic, Sri Lanka,
Thailand

Trichoptera 17 phytophagous larva Stenopsychidae—Stenopsyche (3) Japan (12), Venezuela (4),
Mexico (2), Colombia

Noticeably, the number of species of edible aquatic insects might be underestimated [22]
because the mainly edible stage of aquatic insects—naiads/larva—is morphologically
undistinguishable most of the time. More and more species of edible aquatic insects will be
identified with the help of molecular biology techniques [29].

3. Nutritional and Health Benefits of Edible Aquatic Insects
3.1. Protein Content and Amino Acid Composition of Aquatic Insects

Aquatic insects have an average protein content of 59.55% (Table 2), and this value
is higher than that of conventional animal meats [30–32]. Furthermore, investigations
identified that proteins from aquatic insects not only contain 45.93–62.01% essential amino
acids (Table 2), but also have a good balance of different kinds of amino acids [33,34].
Meanwhile, the ratio of essential amino acids in aquatic insect proteins is close to human
proteins, indicating a high nutritional value of aquatic insects [35].

Different edible insects have very different amino acid patterns [14,36,37]; we summa-
rized the first limiting amino acid and highest amino acids in aquatic insects and compared
these to terrestrial insects (Table 2). In aquatic insects, the average essential amino acid
content is 51.60%, and the most abundant essential amino acid is Leu (7.8% on average).
The limiting amino acids were Met + Cys (2.3% on average) and Trp (1.2% on average).
The content of Glu (11.30% on average) is the highest among all the amino acids in aquatic
insects. Jiang et al. compared the composition of the essential amino acids of dragonfly
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larvae in different regions and found that the difference is little, even between different
species [38].

More attention has been paid to the amino acid content of terrestrial insects
(Table 2) [32,37]. In terrestrial insects, the average essential amino acid content is 49.49%,
and the most abundant essential amino acid is Leu (7.35% on average). The limiting amino
acids were Thr (4.20% on average) and Trp (3.61% on average). The content of Glu (15.59%
on average) is the highest among all the amino acids in terrestrial insects.

Although some studies have shown that the contents of some amino acids are different
between aquatic and terrestrial insects, such as tryptophan [39], the difference is not
significant judging from the average data, and this indicates that aquatic insects and
terrestrial insects have similar amino acid compositions (Table 2). For example, Lys is
present in both terrestrial edible insects and aquatic edible insects, with a rich content [38].
However, this essential amino acid is usually lacking in cereal protein, so both aquatic
insects and terrestrial insects complement cereal protein in nutrition.

3.2. Characteristics of Fatty Acids in Aquatic Insects

As the second most abundant nutritional ingredient (only behind the protein content),
fatty acids always play a crucial role in the growth and development of insects [40]. It is
strongly believed that aquatic insects are also a rich source of saturated fatty acids (SFAs),
monounsaturated fatty acids (MUFAs), and polyunsaturated fatty acids (PUFAs), especially
PUFAs, such as linoleic acid (18:2), linolenic acid (18:3), arachidonic acid (20:4, AA), and
eicosapentaenoic acid (20:5, EPA) [41,42]. In general, linoleic acid, linolenic acid, AA, and
EPA belong to the omega-6 or omega-3 fatty acid family, which are beneficial to the health
of human beings and must be obtained from the diet [43]. Table 3 presents some fatty acid
compositions of selected aquatic and terrestrial insects. Noticeably, much research is carried
out on the fatty acid composition of edible terrestrial insects. In contrast, there are much
fewer data of the fatty acid composition of edible aquatic insects. For edible aquatic insects,
SFAs are dominated by palmitic acid (16:0) and, to a lesser extent, by stearic acid (18:0),
and oleic acid (18:1) is the most abundant composition among MUFAs, which is generally
similar to the reported terrestrial species. In addition, edible terrestrial insects have a
higher content of linoleic acid (18:2), with the exception of a few species, in comparison
to aquatic groups. The great difference between aquatic insects and terrestrial insects is
that the former are significantly enriched in PUFAs that contain four or more double binds,
mainly in terms of AA and EPA [44–46]. The content of unsaturated fatty acids (UFA),
palmitic acid, and oleic acid in the oil of dragonfly naiads is high, and the oil contains
1.23–7.05% odd carbon fatty acids (OCFA), which have the characteristics of general insect
oil. Meanwhile, the oil of dragonflies contains some long-chain polyunsaturated fatty acids,
including AA, EPA, and docosahexaenoic acids (DHA), which is similar to freshwater
fish, and the similarity might result from the aquatic life stage of dragonfly naiads [47].
The presence of relatively substantial amounts of these PUFAs was possibly associated
with membrane fluidity, because PUFAs have a lower melting point than SFAs or MUFAs,
which helps aquatic insects to better adapt to the cold-water environment. When these
aquatic insects were transferred to land and became adults, they were expected to have
less need for cold endurance, and could be found to have low levels of ARA and EPA, or
even undetectable levels [48].

3.3. Characteristics of Mineral Elements in Aquatic Insects

Minerals are particularly rich in insect-based foods [49,50], which indicate that insect-
based foods are excellent mineral providers [51]; for example, both aquatic and terrestrial
insects have higher contents of calcium, iron, and zinc compared with common meat [32].

When edible insects are divided into aquatic insects and terrestrial insects, the dif-
ference in their mineral element contents shows great heterogeneity in different studies.
Sometimes, aquatic and terrestrial insects have similar elemental compositions [52]; for
example, they have almost the same concentration of zinc [30,53]. However, for calcium
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and iron contents, studies have shown that there is a considerable gap between aquatic
and terrestrial insects. A much higher calcium content was identified in aquatic insects
(24.3–96 mg/100 g) [30] than in different terrestrial insects (0.0012–0.126 mg/100 g) [54].
The iron contents in aquatic insects (e.g., Lethocerus indicus 410 mg/100 g, Hydrophilus
olivaceous 461 mg/100 g) [30] are significantly higher than in terrestrial insects (Bombyx
mori 1.8 mg/100 g [55], Cirina forda 5.34 mg/100 g) [56].

Dragonflies are usually consumed as a dish in Southwest China, and their selenium
content has been a particular concern [57]. In particular, the selenium content of common
edible insects in China has been analyzed, and it was found that the average selenium
content of terrestrial insects was 0.15 mg/kg, and that of aquatic insects was 0.31 mg/kg,
which was two-fold higher than that in terrestrial insects [58].

To better compare the mineral element contents of aquatic and terrestrial insects as
a whole, we summarized the insect species with relatively complete data, and divided
them into aquatic and terrestrial insects. The comparisons of the average mineral element
content between aquatic and terrestrial insects are obviously different from the comparison
results from several separate literatures. In general, the contents of iron and sodium in
aquatic insects were significantly higher than those in terrestrial insects, while the contents
of magnesium and potassium were significantly lower than those in terrestrial insects
(Table 4).
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Table 2. Amino acid composition of edible aquatic insects and selected edible terrestrial insects.

Order Species Edvelopmental
Stage

Protein
(%)

Amino Acid Composition (% of Total Amino Acids or Protein)
Total Amino Acids

(g/100 g DM) Reference
Val Ile Leu Lys Tyr Thr Phe Trp His Met +

Cys
Total

EAA ++ Arg Asp Ser Glu Gly Ala Pro

Edible aquatic insects

Odonata

Epophthalmia elegans L 65.23 9.96 2.78 6.43 5.62 7.06 3.84 9.26 0.58 3.74 1.63 50.90 11.79 6.91 3.94 10.92 4.42 5.97 5.15 60.16

[57]

Anax parthenope L 65.76 10.04 3.20 6.96 5.72 6.96 3.87 8.82 0.63 3.20 1.13 50.55 11.91 7.04 4.09 10.84 4.32 5.93 5.33 53.99
Ictinogomphus rapax L 62.37 10.08 3.54 7.05 4.62 7.77 4.24 12.12 0.50 3.09 1.44 54.45 9.92 6.99 3.97 8.30 4.84 6.85 4.67 55.63
Sinictinogomphus
clavatus L 63.64 9.55 3.51 7.19 5.42 7.64 4.32 10.51 0.53 2.89 1.66 53.23 9.95 7.74 4.00 9.32 4.91 5.98 4.87 52.98

Pantala flavescens L 65.18 9.78 3.30 7.20 5.97 6.48 4.06 8.61 0.65 2.87 1.32 50.26 12.47 7.38 4.07 10.73 4.64 6.00 4.45 58.16
Orthetrum pruinosum L 71.53 9.63 3.33 7.11 5.85 6.43 3.86 8.68 0.46 2.78 1.90 50.01 12.00 7.38 4.02 11.11 4.39 5.81 5.28 54.73
Crocothemis servilia L 65.45 6.12 3.91 7.45 7.93 6.23 5.25 2.88 2.20 5.45 3.77 51.18 8.04 8.47 4.26 10.99 5.03 7.31 4.72 51.70

[59]Gomphus cuneatus L 64.64 6.59 7.33 3.96 6.33 7.17 4.79 3.37 0.67 6.93 4.07 51.21 4.86 6.34 4.32 14.40 5.46 7.85 5.61 50.26
Lestes praemorsus L 46.37 6.01 6.96 4.16 8.37 7.26 4.98 3.22 5.23 6.54 2.72 55.44 8.54 6.41 4.20 13.36 4.45 7.26 5.23 36.1

Ephemeroptera Ephermeterella
jianghongensis L 66.26 5.75 5.29 8.51 5.51 6.00 4.88 3.27 - 3.33 3.39 45.93 5.75 8.71 4.55 15.21 4.96 9.15 5.74 65.54 [60]

Coleptera

Cybister japonicus L 57.34 6.33 14.18 11.96 5.14 1.06 3.95 4.53 - 4.32 2.76 54.23 6.45 8.44 4.47 8.62 8.14 7.12 2.53 47.89
[61]Dytiscus dauricus L 57.97 6.50 12.06 11.82 5.91 1.89 4.43 3.61 - 3.75 3.12 53.10 5.72 8.88 4.92 9.11 7.76 8.43 2.07 48.74

Hydrophilus acminatus L 56.41 6.12 11.24 12.16 7.08 1.19 4.14 3.28 - 3.30 2.74 51.25 4.87 10.01 4.76 8.98 8.04 7.25 2.74 47.86
H. acminatus L 20.37 5.76 4.38 7.59 6.89 5.11 4.26 4.33 - 6.42 2.74 47.48 5.76 9.56 3.56 9.25 8.08 10.38 5.93 42.69 [62]

Megaloptera Acanthacorydalis
orientalis L 56.56 5.63 5.61 6.96 6.25 5.76 4.88 4.39 - 4.18 2.89 46.54 6.75 10.13 4.11 17.13 5.14 5.74 4.46 53.31 [60]

Acanthacory
dalisasiatice A - 7.58 5.58 9.00 7.08 9.81 4.13 10.61 - 4.02 4.21 62.01 3.90 11.73 7.69 - - 14.34 - 52.01 [63]

Neochauliodes sparsus L 67.69 6.35 4.75 7.41 7.43 6.10 4.55 4.21 0.70 4.27 3.82 49.59 7.23 9.09 4.25 12.73 4.80 7.41 4.91 56.02 [64]

Edible terrestrial insects

Hymenoptera Polybia occidentalis
nigratella B 61.00 5.90 4.50 7.80 7.40 5.60 4.00 3.30 0.70 3.00 5.00 47.20 5.70 8.40 4.50 12.90 7.10 6.50 6.30 - [65]

Polybia parvulina B 61.00 6.10 4.70 7.80 7.30 5.90 4.10 3.40 0.70 3.40 5.30 48.70 5.70 7.80 4.40 13.30 7.20 6.40 6.50 -
Vespa velutina B - 6.10 5.50 8.70 6.10 6.60 4.20 4.20 - 4.20 2.40 47.00 4.50 6.30 6.30 20.10 6.30 5.50 6.10 37.90 [66]
V. mandarinia B - 6.30 5.70 8.70 6.30 7.30 4.30 4.30 - 4.30 2.70 48.90 2.20 6.50 6.50 21.20 6.30 5.40 5.70 36.80
V. basalis B - 5.70 5.30 8.50 6.80 7.10 4.30 4.30 - 4.30 1.40 46.60 4.30 6.40 6.40 22.10 5.70 5.00 5.70 28.10

Coleoptera Allomyrina dichotoma L 54.18 5.58 4.35 6.40 4.97 7.73 3.84 3.59 - 4.82 8.92 50.21 5.29 5.46 5.95 17.83 5.70 4.51 5.05 48.74 [32]
Protaetia brevitarsis L 44.23 6.36 4.14 5.90 4.47 8.43 3.96 4.14 - 4.65 7.51 49.54 5.34 5.77 6.51 14.15 5.72 6.23 6.72 39.16
Tenebrio molitor L 53.22 6.61 4.45 7.57 4.52 7.75 4.11 3.96 - 6.29 7.10 52.36 5.01 6.20 4.94 12.99 5.87 8.90 3.73 44.50

Orthoptera Teleogryllus emma A 55.65 5.85 4.30 7.93 5.23 5.23 3.84 3.58 - 4.82 7.63 48.41 7.43 7.71 5.91 13.03 5.09 9.19 3.24 49.95
Gryllus bimaculatus A 58.32 5.94 4.01 7.38 4.50 5.07 3.72 3.40 - 4.64 9.98 48.63 6.69 6.69 5.07 11.87 6.17 10.48 3.70 53.83

Lepidoptera Antheraea pernyi P 71.9 6.63 7.95 3.24 4.54 2.06 4.64 8.10 4.05 2.94 1.62 45.77 4.12 6.41 4.64 12.74 4.42 6.26 12.22 - [67]
Bombyx mori P - 5.60 5.70 8.30 7.50 5.40 5.40 5.10 9.00 2.50 6.00 60.50 6.80 10.90 4.70 14.90 4.60 5.50 4.00 -

Note: L = larva, P = pupa, A = adult, B = brood; DM = dry matter; “-” = not determined or not estimated; ++ EAA: essential amino acids; we include essential amino acids (Val, Ile, Leu, Lys, Thr, Trp, Phe, His,
Met) and two conditional essential amino acids (Tyr, Cys).
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Table 3. Fatty acid composition of edible aquatic insects and selected edible terrestrial insects.

Order Species Developmental
Stage

Lipid
%

Fatty Acid Composition (% of Total Fatty Acids)
Reference

C14:0 C16:0 C18:0 SFA C18:1 MUFA C18:2 C20:4 C20:5 PUFA

Aquatic insects

Odonata

Epophthalmia elegans L 9.14 1.67 21.88 7.85 33.73 16.97 32.84 4.46 5.02 6.11 21.05

[47]

Anax parthenope julius L 11.06 1.18 24.41 7.00 34.68 17.65 27.85 7.01 3.73 3.08 27.85
Ictinogomphus rapax L 10.59 2.07 19.30 6.98 30.11 19.01 35.75 7.49 1.89 5.08 20.33
Pantala flavescens L 10.4 0.75 21.6 8.55 32.3 11.98 33.07 9.59 1.91 9.44 27.51
Inictinogomphus clavatus L 11.9 0.89 24.61 7.74 34.43 20.58 42.28 6.66 1.24 3.87 17.75
Orthetrum pruinosum neglectum L 5.72 2.34 17.57 7.65 34.97 6.85 31.53 5.77 6.70 7.83 26.70

Diptera

Stictochironomus pictulus L - 4.70 16.10 6.20 34.00 11.00 49.50 6.70 1.00 3.60 14.30 [68]
Anopheles albimanus L - 1.94 28.03 7.76 44.50 22.26 31.13 7.59 3.07 4.19 24.40

[69]A. vestitipennis L - 1.86 21.82 6.62 37.39 22.06 36.16 12.28 2.85 2.47 26.43
A. darlingi L - 1.26 25.42 6.64 39.53 22.44 30.76 18.66 2.46 2.39 29.69

Coleoptera
Cybister japonicus A 27.66 3.41 12.01 5.18 27.56 35.61 49.94 9.82 3.55 3.96 22.52

[61]Dytiscus danmcus A 27.56 2.86 21.63 2.45 35.1 29.94 46.95 6.53 3.54 4.08 19.46
Hydrophilus aoninatus A 31.86 9.16 19.09 - 65.2 1.83 3.81 1.98 - - 30.92

Terrestrial insects

Orthoptera Gryllus bimaculatus L 28.90 - 25.44 8.74 34.67 25.86 26.54 37.05 - - 38.79 [70]
Ruspolia differens A 48.20 0.90 31.50 5.50 38.30 24.60 26.60 31.20 - - 34.40 [53]

Coleoptera Tenebrio molitor L 31.97 4.45 21.33 7.92 33.70 35.83 37.80 22.83 0 0 22.94 [71]

Hymenoptera Apis mellifera L 4.90 2.40 37.30 11.80 51.80 47.50 48.20 0 - - 0 [72]Vespa mandarinia B 20.20 2.50 21.30 5.00 30.70 27.70 29.20 33.70 - - 40.10

Lepidoptera Bombyx mori P 32.20 0.10 24.20 4.50 24.30 26.00 27.70 7.30 - - 36.30 [73]

Note: L = larva, P = pupa, A = adult; “-” = not determined or not estimated; oil. SFA = saturated fatty acids, MUFA = monounsaturated fatty acids, PUFA = polyunsaturated fatty acids.
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Table 4. Mineral content [mg/kg, DM] of selected edible aquatic insects and edible terrestrial insects.

Species Developmental Stage Ca Mg K Na Fe P Mn Cu Zn Se References

Edible aquatic insects
Anax parthenope L 124.960 116.900 1591.900 1339.760 158.210 - 6.790 4.180 74.770 0.193 [57,58]
Epophthalmia elegans L 90.110 101.800 1350.790 1372.490 22.640 - 12.050 2.460 40.410 0.223 [57,58]
Crocothemes servillia L 865.000 370.000 2680.000 14,100.000 113.000 - - 19.000 93.000 - [30]
Lethocerus indicus L & A 960.000 703.300 1700.000 8550.000 4100.000 - - 11.000 295.000 - [30]
Laccotrephes maculatus L & A 665.000 460.000 5500.000 15,000.000 250.000 - - 137.000 231.500 - [30]
Cybister tripunctatus A 277.000 336.000 6430.000 3050.000 73.000 - - 51.000 57.500 - [30]
C. japonicus A 3602.820 774.520 6722.650 2251.760 148.160 5809.000 8.700 29.370 93.990 0.360 [58,74]
Hydrophilus olivaceous A 243.000 990.000 3900.000 8160.000 4610.000 - - 17.000 118.000 - [30]
Hydrous acuminatus A 106.700 109.200 1807.700 - 83.200 1905.100 - - 29.000 - [62]

Edible terrestrial insects
Gryllus bimaculatus A 1660.850 1073.750 8607.500 3649.450 81.800 11,696.000 66.300 36.250 232.650 0.490 [32,70]
Acheta domesticus L & A 1261.150 1040.550 13,318.700 5122.900 77.650 10,291.150 38.100 21.200 257.400 0.500 [75]
Teleogryllus emma A 1935.400 1524.800 8955.000 2782.300 107.500 10,854.000 58.600 21.900 184.700 - [32]
Tenebrio molitor L 504.800 2450.800 8212.375 1047.125 98.393 8282.233 14.170 18.138 116.660 0.377 [32,75,76]
Zophobas morio L 420.400 1182.900 7505.900 1128.300 39.200 5629.500 10.200 8.600 72.900 0.300 [75]
Protaetia brevitarsis L 2585.600 3276.000 20,014.000 2116.000 162.000 11,404.000 58.900 18.200 118.900 - [32]
Allomyrina dichotoma L 1234.000 2835.600 12,491.000 1483.800 142.600 8606.900 86.400 14.300 102.600 0.064 [32,58]
Anoplophora chinensis L 269.300 1881.000 5647.000 92.850 131.280 35.020 8.980 223.640 0.050 [76]
Galleria mellonella L 585.500 761.400 5325.300 397.600 50.400 4698.800 3.100 9.200 61.200 0.300 [75]
Bombyx mori L & P 1023.100 2878.600 18,265.900 2745.700 95.400 13,699.400 24.900 20.800 177.500 0.575 [58,75]
Antheraea pernyi P 234.000 707.000 4020.000 57.400 13.400 - 2.200 2.900 30.600 0.210 [77]
Vespa velutina L & P 388.000 639.000 7516.000 104.000 100.000 5612.000 6.000 22.000 72.000 - [66]
Polyrhachis vicina A 785.500 664.500 - - 858.500 4028.500 291.000 21.500 147.500 0.335 [78]

Note: L = larva, P = pupa, A = adult; “-” = not determined or not estimated; Mineral compositions [mg/kg] of calcium (Ca), magnesium (Mg), potassium (K), sodium (Na), iron (Fe), phosphorus (P), manganese
(Mn), copper (Cu), zinc (Zn), and selenium (Se) were analyzed based on dry matter (DM); if different values were involved in multiple literatures, the mean value was listed.
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Environmental factors seem to be the main factor determining the mineral element
contents of aquatic insects. It is reported that, despite their body size, dragonflies had good
ability to absorb environmental metallic elements (Hg, As, Pb, Cr, Cu, Cd, Ni, Se, Al, and
Au) [79], thus they are good ambient heavy metal content indicators.

3.4. Chitin and Chitosan

Chitin is a significant biopolymer [80], and chitosan is formed by the deacetylation of
chitin. They could be used in food, biomedical and cosmetic industries, and for wastewater
treatment and textiles. Up to date, crustacean shells from the marine food industry provide
us with the chief commercial sources of chitin and chitosan [80,81]. Due to the COVID-19
pandemic, biopolymer materials have been increasingly in demand, and the market for
chitin and chitosan is growing steadily [81].

Chitin is found throughout the exoskeletons of most insects. In recent years, some
terrestrial insect species have been investigated as alternative chitin sources [82–84], since
insects were considered as a potential resources of food. As compared to the existing
sources, the extraction of chitin and chitosan from insects is simple, requires less chem-
ical consumption and time, and they can be extracted in a higher yield [81]. Moreover,
insect-derived chitin and chitosan have numerous biological effects, such as antioxidant
and antibacterial activities with substantial rheological properties [82,83]. In Table 5, the
percentages of chitin and chitosan from terrestrial insects are species specific and are in
the ranges of 2.59–36.80% and 16.00–96.35%, respectively. However, for aquatic insects, far
fewer literature studies are reported. The contents of chitin in aquatic insects have almost
no differences with terrestrial insects; the former may also be used as alternative chitin
sources [85]. More extensive and comparative research of chitin and chitosan between
aquatic insects and terrestrial insects is needed.

Table 5. Chitin and chitosan from aquatic insect and selected edible terrestrial insects.

Order Species Developmental
Stage

Yield of Chitin
(%)

Yield of
Chitosan (%) Reference

Aquatic insects
Coleoptera Agabus bipustulatus - 14.00–15.00 71.00

[85]
Hydrophilus piceus - 19.00–20.00 74.00

Odonata Anax imperator L 11.00–12.00 67.00
Hemiptera Notonecta glauca - 10.00–11.00 69.00

Ranatra linearis - 15.00–16.00 70.00

Terrestrial insects
Lepidoptera Bombyx mori P 2.59–4.23 73.00–96.35 [86]
Coleoptera Catharsius molossus A 24.00 70.83 [87]
Orthoptera Pterophylla beltrani - 11.80 58.80 [88]

Brachytrupes portentosus - 4.30–7.10 55.81–81.69 [89]
Calliptamus barbaru A 20.50 74.00–75.00

[90]Oedaleus decorus A 16.50 75.00–76.00
Hymenoptera Apsis mellifera A 19.00–36.80 16.00–30.00 [91]
Diptera Musca domestica P 8.02 73.19 [92]

Hermetia illucens L 7.00 32.00 [93]
Drosophila melanogaster A 7.85 70.91 [94]

Blattodea Periplaneta americana - 12.17 59.82 [95]

Note: L = larva, P = pupa, A = adult, “-” = not sure; the yield of chitosan is calculated from chitin, or degree of deacetylation.

3.5. Active Substances and Healthcare

Edible insects are considered to have superior health benefits, due to their high quan-
tities of nutrients, such as essential amino acids, omega-3 and omega-6 fatty acids, vitamin
B12, iron, and zinc [2,72,96]. In addition to the health benefits of edible insect nutrients, the
rich active substances in edible aquatic insects have also attracted attention [97]. Edible
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aquatic insects, such as dragonflies, water strider, and whirligig beetle, have been used
in healthcare or for treating human diseases since the ancient times [98–100], especially
in the countries of East Asia [101], e.g., China, Japan, and South Korea. The theory of
traditional Chinese medicine is that the larva of aquatic insects has the effects of boosting
the kidney, nourishing essence, moisturizing the lungs, and relieving coughs [102]. They
can be used alone or in combination with other materials for medical applications; for
example, the whole body of a dried adult dragonfly can be used to treat impotence and
nocturnal emission, sore throat, and whooping cough [103]. It is believed that Cybister
tripunctatus, or C. japonicus, can reinforce kidney function and invigorate the circulation
of blood in human beings [102]. These traditional practices of edible aquatic insects also
provide ideas for the exploitation of modern drugs [104]; for example, the methanol extract
of C. tripunctatus displays strong antioxidant activity at a concentration of 110 µg/mL [30].
It is reported that the water and liposoluble extracts of the giant water bugs L. indicus have
negligible values of antioxidant capacity compared to the extracts of terrestrial insects, such
as grasshoppers, silkworm, and crickets, in vitro [105].

The bioactive ingredients in insects have different sources depending on the
species [106–108]. Some natural toxins are produced by insects in their special organs, such
as bee venom and cantharidin [109,110]. The giant water bug L. indicus, which is consumed
as both a medicinal and edible insect [111], could produce complex chemicals in its odorous
gland [112,113]. On the other hand, some other components from insects are enriched and
accumulated from the plants, fungi, and algae that they feed on. Phytophagous insects
have evolved unique systems to keep the secondary metabolites taken up from the plant
in their bodies [114] and utilize them for escaping from predators [115,116], and these
accumulated secondary metabolites have a certain value in drug development [117,118].
However, exploration of the source of functional substances of aquatic insects is still very
limited. This is an aspect worth exploring further.

4. Safety in Utilization of Edible Aquatic Insects
4.1. Contaminant

Aquatic insects, as environmental indicators, have attracted extensive attention for a
long time, and their related research is very rich. A water body is an open environment,
which readily gathers various substances through water flow, soil, etc. Due to the close
relationship between aquatic organisms and water, aquatic insects easily accumulate
various pollutants, including heavy metals, pathogens, pesticides, and so on. These
contaminants may enter the human body through the food chain, which will cause harm
to human health. We should draw more attention to them. This part mainly indicates the
possible risks of the utilization of aquatic insects, but the relevant processes and pollution
mechanisms are beyond the scope of this review.

Heavy metals. Heavy metal pollution in the freshwater ecosystem poses a great threat
to the growth of aquatic insects [119,120]; therefore, there is a growing concern that it will
eventually affect the health of humans [121,122]. Up to date, over 33 metallic elements
of aquatic edible insects have been detected, and heavy metals, such as Hg, Pb, Cd, and
Cr, have attracted serious concern [123]. Most of the metals in nature will enter the water,
and the aquatic ecosystem plays an important role in the transfer and circulation of metals.
Insects could absorb metal elements and accumulate a higher concentration of them than
the environment [124]. The degree of metal element absorption by aquatic insects is related
to environmental factors; for example, aquatic insects collected near wastewater treatment
plants, or near mines, may show higher metallic element concentrations when compared
with other sites [125,126]. Meanwhile, the mercury content in carnivorous insects was
generally higher than that in herbivorous insects, and the mercury content in aquatic insects
was much higher than that in terrestrial insects (t-test, p < 0.01), with the investigation of
42 insect species from Yunnan, China [58]. Many studies [121,127–132] have indicated that
the larvae of aquatic insects accumulate metals in aquatic ecological environments and
retain them until the adult stage. After being preyed on by bats, spiders, birds, fish, and so
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on, they become the connector of the aquatic and terrestrial food chains, and, thus, bring
metal elements into the terrestrial food chain. This suggests that there are the same risks in
the process of human consumption of aquatic insects.

Pathogen. Aquatic insects are important vectors (e.g., malaria) of environmental
pathogens. Mainly originating from the Japanese encephalitis (JE) virus, the viral en-
cephalitis in Southeast Asia was detected in Culex gelidus in 1976 [133]. Aquatic insects
are possible vectors of Mycobacterium ulcerans, which causes chronic skin ulcers in tropical
countries [134]. Two conditioned pathogens, Lelliottia amnigena and Citrobacter freundii,
were detected from edible aquatic insects of the genus Cybister [135].

Pesticide. Pesticide residues in food can cause damage to the human nervous and
reproductive systems, interfere with the normal operation of the human immune or en-
docrine system, and even induce cancer. Pesticides could enter aquatic insects through
contact or feeding [136]. The impact of pesticides reaching streams and potentially harming
the aquatic juvenile stages has drawn extensive concerns when investigating the effects of
insecticides on freshwater insects [137,138]. There are few studies on the effects of pesticide
residues in insects on human health.

4.2. Purine Derivatives and Uric Acid

Uric acid serves as an antioxidant, and is important for protecting human blood
vessels. It is metabolized from purines [139], which are important nucleic acid components
in all organisms. However, increasing numbers of people are suffering from hyperuricemia,
gout, and other disease caused by frequent and high intake of purine-rich and protein-rich
foods, which enhances serum uric acid levels. An important way to treat people with
hyperuricemia or gout is dietary restriction of purine-rich foods [140,141].

The concentration of purine derivative and uric acid in edible insects varies, primarily
with species and gender (in some cases) [140,142,143]. Though no common characteristics
of purine and uric acid contents in different edible insects or at different life cycle stages
of the same insect were indicated, much lower uric acid levels are detected in aquatic
insects than in terrestrial insects [143]. A possible reason for this could be the extremely
moist environments that aquatic insects live in, where they can excrete large quantities
of ammonia. However, for most terrestrial insects, loss by excretion has to be minimized
because water conservation is essential throughout their life cycles. Hence, more than 80%
of the total nitrogenous materials excreted from most terrestrial insects are uric acid [144].

4.3. Allergy

Seafood is an important origin of allergies, and, thus, has attracted attention as a
food safety issue. Similarly, most known edible insect allergens have cross-reactivity
with homologous proteins in shellfish [145]; therefore, enough attention should be paid
to the insect allergy too. At present, all the reported cases of insect allergies are from
terrestrial insects, such as silkworm, mealworm, caterpillars, wasps, grasshoppers, cicada,
and bees [146].

5. Discussion
5.1. Characteristics of Nutrition in Aquatic Insects

There is much less available information on aquatic insects, especially on their nu-
tritional value, when compared to terrestrial insects. In this paper, we summarize some
results of the research on aquatic insect nutrition. It should be noted that, for the nutritional
composition, there must be variations, even in the same species, attributed to some internal
(i.e., feed, developmental and physiological state of the samples analyzed) and external
(i.e., season, geographic location, techniques employed, etc.) factors [30,147–149].

Both aquatic insects and terrestrial insects have high protein contents, with some
differences in amino acid compositions, kinds of restricted amino acids, and the dominant
amino acids. It should be encouraged that proteins from different sources (e.g., aquatic
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insects and terrestrial insects) are used simultaneously, so as to complement each other and
improve the biological value of insect proteins.

A remarkable feature of aquatic insects is the rich, highly unsaturated fatty acid
(HUFA) content, which is much higher than in terrestrial insects, especially the EPA
content. This big difference might be explained by their food webs. The food of terrestrial
insects, such as vascular plants, usually only contains the HUFA precursor α-Linolenic
acid (ALA) [150], while aquatic insects feed on freshwater algae and diatoms, which are
particularly rich in HUFA and EPA [151].

The living environment is a main factor affecting the selenium content in insects.
The reason for the significant effect of aquatic habitat on the selenium content of insects
may be related to the characteristics of selenium. Selenium in soil can be leached into
the aquatic ecosystem; therefore, aquatic organisms are more easily exposed to selenium
than terrestrial organisms [152]. Aquatic organisms usually have a larger selenoprotein
group, while terrestrial organisms have a significantly smaller selenoprotein group. It
is speculated that terrestrial organisms gradually lost their selenoprotein-coding genes,
or replaced the Sec with cysteine in the original selenoprotein-coding genes [153,154].
This may help explain why the selenium content of aquatic insects is higher than that of
terrestrial insects [58].

5.2. Edible Aquatic Insects Resources and Farming

In order to protect wild resources and control the quantity and quality of products,
it is very necessary to cultivate insects when we promote insect consumption. Edible
insect farming has already taken off all around the world. The farming technology of
some terrestrial insect food or feed species, such as mealworm, black soldier flies, crickets,
and houseflies, has largely advanced, and their yields are very high and sustainable
nowadays [21]. However, there is little information about rearing aquatic insects, especially
edible aquatic insects.

Aquatic insects should be cultivated on a large scale for the following reasons. Firstly,
excessive collection of natural resources will lead to a reduction in aquatic insect resources
and regional extinction of species. The majority of edible insects commercially consumed
are mainly collected from nature [23]. Due to the lack of rearing technology and boom of
traditional customs, collecting edible aquatic insects from the wild is much more prevalent
than collecting terrestrial insects. However, the overexploitation of several species in
Mexico has led to a subsequent decrease in the population [155], and the uncontrolled
harvesting of wild populations may prove unsustainable [22]. Fortunately, the production
patterns of edible insects in Thailand and Lao People’s Democratic Republic have changed
to semi-domestication and insect farming, besides the traditional harvesting of insects from
wild habitats [156]. Secondly, the artificial cultivation of insects could avoid the disturbance
from pollutants. As mentioned previously, a water body is an open environment, which is
easily disturbed by pollutants, affecting the population growth and consumption safety of
aquatic edible insects. Thirdly, artificial cultivation can improve the nutritional quality of
aquatic insects through feeding technology [157], such as to attain a beneficial n-6/n-3 ratio,
or to better meet the nutritional demands of the consumer. Finally, population outbreaks do
not theoretically easily happen in aquatic insects [158]; therefore, it is necessary to expand
the population by artificial promotion.

In addition, the development of aquatic edible insect cultivation technology can be
supported by several aspects of experience. Historically, there have been some practices of
raising insects all over the world. Semi-domestication also has the potential to promote
the yield of insects greatly [22]. A famous example of semi-domestication from Mexico
showed that eggs of semi-cultivated aquatic Hemiptera were used by local people, through
water management and to provide egg laying sites [1]. In modern times, the breeding of
aquatic insects is not a blank, but has accumulated technologies and experience in species
from several orders [159–161]. Moreover, the successful breeding of terrestrial insects
(e.g., crickets, mealworms, and black solider flies) can provide a reference for the breeding
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of aquatic insects [19]. In recent years, some species from Hemiptera, Coleoptera, and
Megaloptera have had some success in farming, e.g., L. indicus in Thailand, and predacious
diving beetle [162,163] and hellgrammites [25,26] in China.

Nevertheless, the aquaculture of aquatic insects still needs to face the problems of high
input costs, such as water quality, energy, and feed [18,164]. It is suggested that different
types of aquatic insect breeding technologies should be developed and utilized, according to
market demand, product value, regional conditions, and other factors, and regional planning
should be performed for aquatic insect breeding. For example, for the species with high
market recognition and health care function, priority should be given to the development of
automatic three-dimensional breeding, and most aquatic edible insects should be cultivated
with semi-artificial technology, or artificial promotion and management technology. Similarly,
a large area and protected water source can harvest a large number of aquatic insect products.
On the contrary, such appropriate conditions can guide more people to breed in this area, so
as to improve the technical maturity. Of course, the cultivation of aquatic insects will also help
to prevent environmental pollution; for example, in order to harvest aquatic insects raised in
the farmland system, excessive pesticides and fertilizers cannot be applied, which reduces the
pressure of environmental pollution.

5.3. Enrich the Use of Aquatic Insects

Edible aquatic insects also have the potential to serve human health and feed domestic
animals. The utilization of aquatic insects is small in scale, but the prospects are obvious,
and the development of new uses can increase its attraction. The active substances of aquatic
insects are specific products in aquatic environments, which are worthy of further study.

It is a valuable and innovative proposal to use edible aquatic insects as feed, and
some species, such as mosquito larvae, could provide a convenient source of feed [19,165].
Mosquitos have the distinct biological characteristics of a short lifecycle, high occurrence
densities, and wide distribution. In one case, the larvae of chironomid from chicken manure
were used for fish food, both in local areas and North America [159]. Aquatic insects with
high HUFA are being designed to be aquafeeds and farmed marine fishes, for meeting the
demand of the HUFA of fishes [19,166].

6. Conclusions

Edible insects are promising safe food that have high potential to be more sustainable
and more equitable at the global scale. Resources of insects, both from terrestrial and
aquatic environments, should be encouraged. Although the uses of aquatic insects as food,
as feed, and in healthcare were ignored to a certain extent, edible aquatic insects have great
potential for utilization.

There has been the discovery of a few characteristics of edible aquatic insects with
limited documents, compared with terrestrial insects. Two sources of edible insects have a
high content of protein, calcium, iron, and zinc, and similar contents of chitin. There is no
doubt that they are all excellent biological resources. The living environment seems to be
the main factor for the origin of the difference between aquatic and terrestrial insects. A
water body is an open environment; therefore, aquatic organisms are more easily exposed
to various substances. Compared with edible terrestrial insects, aquatic insects usually have
different limiting amino acids and a higher content of delicious amino acids, and contain
highly unsaturated omega-3 fatty acids and some long-chain polyunsaturated fatty acids,
lower uric acid, much higher amounts of calcium and selenium, and a larger selenoprotein
group, and face higher risk of exposure to contaminants (e.g., heavy metal, pesticides).
More studies investigating the distinct differences between aquatic and terrestrial insects
are needed for better conservation and utilization of these insects.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10123033/s1, Table S1: full list of named edible aquatic insects.
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