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The Hemiptera comprise the most species-rich order of the hemimetabolous insects.
Members of a number of superfamilies, most notably especially the more basal ones such
as white flies, psyllids and aphids, belong to the most destructive agricultural insects
known worldwide. At the other end of the phylogenetic tree are hemipterans that are
notorious medical pests (e.g. kissing bugs). Most of the hemipteran species are good
flyers, and lipid oxidation plays a pivotal role to power the contraction of flight muscles
and, in aquatic water bugs, also deliver the ATP for the extensive swimming action of the
leg muscles. Mobilization of stored lipids (mostly triacylglycerols in the fat body) to
circulating diacylglycerols in the hemolymph is regulated by a set of small
neuropeptides, the adipokinetic hormones (AKHs). We searched the literature and
publicly available databases of transcriptomes and genomes to present here AKH
sequences from 191 hemipteran species. Only few of these peptides were sequenced
via Edman degradation or mass spectrometry, and even fewer were characterized with
molecular biology methods; thus, the majority of the AKHs we have identified by
bioinformatics are merely predicted sequences at this stage. Nonetheless, a total of 42
AKH primary sequences are assigned to Hemiptera. About 50% of these structures occur
also in other insect orders, while the remaining 50% are currently unique for Hemiptera.
We find 9 novel AKHs not shown to be synthesized before in any insect. Most of the
hemipteran AKHs are octapeptides (28) but there is an impressive number of
decapeptides (12) compared to other speciose orders such as Diptera and
Lepidoptera. We attempt to construct a hypothetical molecular peptide evolution of
hemipteran AKHs and find quite a bit of overlapping with current phylogenetic ideas of the
Hemiptera. Lastly, we discuss the possibility to use the sequence of the aphid AKH as lead
peptide for the research into a peptide mimetic fulfilling criteria of a green insecticide.

Keywords: Hemiptera, true bugs, phylogeny of Hemiptera, insect flight, lipid metabolism, regulation by adipokinetic
hormone (AKH), AKH primary structure, molecular evolution of hemipteran AKHs
1 INTRODUCTION: SCOPE AND INTENT OF THIS REVIEW

This review deals mainly with the sequenced structures of the adipokinetic peptides known from
various hemipteran families, and the role of these peptides on lipid metabolism where known. Since
we look at these sequences also from an evolutionary point of view, we first introduce the reader
with a short account into the world of Hemiptera by reporting on the phylogenetic relationships
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within this insect order and biological lifestyle facts of select
species that will be dealt with later. We introduce the
adipokinetic hormone (AKH) family to set the scene for our
later dealings with the different insects and the function the AKH
may have in those species, especially during locomotory activity,
such as flight and swimming. We mainly concentrate on the
metabolic function of AKH but, where appropriate, we digress
and mention other functional aspects too. Thus, the review
covers fundamental concepts and issues of endocrinology,
physiology and phylogeny, as well as revealing current research
gaps in the topic of Hemipteran AKHs.

Starting off with a historical account of the discovery of the
AKHs in Hemiptera, the review will deal with the evolutionary
groups of Hemiptera as outlined in Table 1 and Figure 1. Once
the various AKHs present in the hemipteran families are
introduced, we evaluate the sequence information under the
following criteria: novel structures unique for Hemiptera,
molecular evolution and phylogenetic evolution. The review
will not discuss the different schools of thought pertaining to
the phylogeny of hemipteroid insects but will evaluate whether
the AKH sequence data may enhance the current understanding
of Hemiptera phylogeny. We explore the possible molecular
evolution of hemipteran AKHs from the array of sequences
available to date and finally, we assess/theorize on the potential
of AKH analogs in the development of a so-called green
insecticide in the field of insect pest control against certain
very devastating hemipterans.
2 THE MAIN PLAYERS

2.1 The Order Hemiptera and the Chief
Pests Therein
The order Hemiptera is quite often referred to as “true bugs”,
although others reserve this term for the suborder Heteroptera (see
Figure 1). We all probably know of hemipterans called aphids
(Superfamily Aphidoidea), whiteflies (Superfamily Aleyrodoidea),
scale insects (Superfamily Coccoidea), cicadas (Superfamily
Cicadoidea), water striders (Superfamily Gerroidea), back
swimmers (Superfamily Notonectoidea), bed bugs (Superfamily
Cimicoidea), kissing bugs (Superfamily Reduvioidea) and stink
bugs (Superfamily Pentatomoidea), but not many laypersons or
non-specialist hemipteran taxonomists have any association with
hemipteran insects when they read of psyllids (Superfamily
Psylloidea), moss bugs (Suborder Coleorrhyncha), planthoppers
(Superfamily Fulgoroidea), spittlebugs (Superfamily Cercopoidea),
treehoppers (Superfamily Membracoidea), aquatic stick insects
(Superfamily Nepoidea), water boatman (Superfamily
Corixoidea), damsel bugs (Superfamily Naboidea), twig wilters
(Superfamily Coreoidea) or seed bugs (Superfamily Lygaeoidea).
This impressive list of “bugs” is indicative of the species-richness of
Hemiptera. Hence, it does not surprise that Hemiptera comprises
the largest order of the exopterygote (hemimetabolous) insects
with more than 80 000 described species (40). Together with the
other two hemipteroid orders, Psocodea (bark and parasitic lice)
and Thysanoptera (thrips), the number of described species rises to
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an impressive over 120 000 which relates to more than 10% of
known insects (3). The importance of a robust phylogenetic
treatment of Hemiptera to provide a framework for interpreting
and understanding morphological transitions, behavioral,
metabolic and environmental processes, for example, in an
evolutionary context, has interested scientists for a long time; a
few recent examples are (5, 41–44). The latest and most
comprehensive phylogenomic study takes a dataset of 2 395
protein-coding single-copy genes from more than 160
hemipteroid and outgroup (33 species) taxa into account (3).

Figure 1 is a somewhat simplified and condensed version of
the phylogenetic tree of Hemiptera as proposed by (3). It shows
the major suborders and superfamilies and serves as orientation
for the reader. Note that we have labelled only those branches in
which AKH sequences could be retrieved from, e.g. Infraorders
Dipsocoromorpha and Enicocephalomorpha are not shown in
Figure 1. In this phylogeny, the orders Thysanoptera (thrips)
and Hemiptera are monophyletic and sister groups. The
suborder Sternorrhyncha is the sister clade to all other
hemipterans, and within the Sternorrhyncha the superfamily
Aleyrodoidea (whiteflies) is the sister group to the other three
superfamilies, viz. Psylloidea (psyllids), Aphidoidea (aphids) and
Coccoidea (scale insects). All these superfamilies contain pest
insects that damage agricultural crop plants and/or horticultural
ornamental plants. Quite often the damage is not done by
depriving the plant of its phloem or xylem sap but by the
transmission of plant viruses (45).

An infamous example of a pest insect from the Aleyrodoidea
is the sweet potato or silverleaf whitefly, Bemisia tabaci, which is
a species complex and does not only damage the various food
plants but is also a vector for transmitting plant viruses (46).
Furthermore, the whitefly is quite resistant to most insecticides
in use. Therefore, the elucidation of its genome has given hope to
new strategies of combatting this species, including
methodologies involving neuropeptides (47, 48).

The same is true for one of the worst pests of citrus fruits
worldwide belonging to the Psylloidea, the Asian citrus psyllid
Diaphorina citri, which is a vector of a phloem-inhabiting
bacterium responsible for the “citrus greening disease” for
which no recipe to kill exists, thus efforts are to possibly
construct and use neuropeptide-based insecticides against the
vector which is already becoming resistant against common
chemical-based insecticides (2, 49, 50).

The superfamily Aphidoidea accommodates many thousands of
aphid species that can reproduce by parthenogenesis or sexually,
andmany aphid species are serious crop pests and vectors for a large
number of viruses; well-knownmembers of the aphids are the green
peach aphid, Myzus persicae, the pea aphid, Acyrthosiphon pisum,
and the cotton and melon aphid, Aphis gossypii. The whole genome
is now sequenced from several aphid species after the very first
hemipteran genome was completed from A. pisum in 2010 (51–55).
This means, thus, that gene information on the neuropeptide
precursors and G protein-coupled receptors of several aphid
species may be obtained from the genomes (see Table 1 for
database accession numbers or published references of genomes
and transcriptomes, and chemically elucidated sequences).
June 2022 | Volume 2 | Article 891615
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TABLE 1 | Biodiversity of AKH peptides in Hemiptera: primary structure and calculated protonated mass.

Higher Taxonomy Family Species AKH Sequence [M+H]+ Reference/Accession No.

Sternorrhyncha,
Aleyrodoidea

Aleyrodidae Bemisia tabaci Galyu-AKH pEVNFSPTWa 960.4574 (1)
Trialeurodes vaporariorum Galyu-AKH pEVNFSPTWa 960.4574 VMOF01000220

Sternorrhyncha, Psylloidea Psyllidae Diaphorina citri Olisa-AKH pEVNFSPNWGGa 1087.4956 (2)
Heteropsylla cubana Olisa-AKH pEVNFSPNWGGa 1087.4956 GCXB01018433 (3);

Aphalaridae Pachypsylla venusta Olisa-AKH pEVNFSPNWGGa 1087.4956 GAOP01010573
Aphalara polygoni Olisa-AKH pEVNFSPNWGGa 1087.4956 GCWO01026629 (3);
Glycaspis brimblecombei Olisa-AKH pEVNFSPNWGGa 1087.4956 GDFP01029145 (3);

Triozidae Trioza urticae Olisa-AKH pEVNFSPNWGGa 1087.4956 GCYX01025297 (3);
Bactericera trigonica Olisa-AKH pEVNFSPNWGGa 1087.4956 GHUW01028007 (4);
Acanthocasuarina muellerianae Olisa-AKH pEVNFSPNWGGa 1087.4956 GAYY02041518 (5);

Liviidae Psyllopsis fraxinicola Olisa-AKH pEVNFSPNWGGa 1087.4956 GCYW01003202 (3);

Sternorrhyncha, Aphidoidea Aphididae Acyrthosiphon pisum Acypi-AKH pEVNFTPTWGQa 1159.5531 (6)
Aphis gossypii Acypi-AKH pEVNFTPTWGQa 1159.5531 (7)
Pseudoregma bambucicola Acypi-AKH pEVNFTPTWGQa 1159.5531 (7)
Sitobion avenae Acypi-AKH pEVNFTPTWGQa 1159.5531 (7)
Melanaphis sacchari Acypi-AKH pEVNFTPTWGQa 1159.5531 XP_025194429
Myzus persicae Acypi-AKH pEVNFTPTWGQa 1159.5531 XP_022166997
Sipha flava Acypi-AKH pEVNFTPTWGQa 1159.5531 XP_025422856
Diuraphis noxia Acypi-AKH pEVNFTPTWGQa 1159.5531 XP_015374547
Rhopalosiphum maidis Acypi-AKH pEVNFTPTWGQa 1159.5531 XP_026812732
Cinara cedri Acypi-AKH pEVNFTPTWGQa 1159.5531 VVC28311
Aphis glycines Acypi-AKH pEVNFTPTWGQa 1159.5531 VYZN01000041.1
Aphis craccivora Acypi-AKH pEVNFTPTWGQa 1159.5531 KAF0758447
Macrosiphum euphorbiae Acypi-AKH pEVNFTPTWGQa 1159.5531 GAOM01002133
Schizaphis graminum Acypi-AKH pEVNFTPTWGQa 1159.5531 GCZI01006870 (3);
Myzus cerasi Acypi-AKH pEVNFTPTWGQa 1159.5531 Mc9227, AphidBase
Rhopalosiphum padi Acypi-AKH pEVNFTPTWGQa 1159.5531 Rp1130, AphidBase
Eriosoma lanigerum Acypi-AKH pEVNFTPTWGQa 1159.5531 (8)
Pentalonia nigronervosa Acypi-AKH pEVNFTPTWGQa 1159.5531 g20381.p1, AphidBase
Uroleucon ambrosiae Acypi-AKH pEVNFTPTWGQa 1159.5531 GCZC01009275 (3);

Sternorrhyncha, Aphidoidea Adelgidae Dreyfusia ssp Acypi-AKH pEVNFTPTWGQa 1159.5531 (7)

Sternorrhyncha, Coccoidea Coccidae Ceroplastes cirripediformis Novel 1 pEVNFSPYWNQa 1264.5745 GCWZ01002139 (3);
Coccus sp. Novel 1 pEVNFSPYWNQa 1264.5745 GCWW01014892 (3);

Diaspididae Unaspis euonymi Novel 1 pEVNFSPYWNQa 1264.5745 GCZJ01029341 (3);
Chrysomphalus aonidum Novel 1 pEVNFSPYWNQa 1264.5745 GCVU01019451 (3);
Aspidiotus rigidus Novel 1 pEVNFSPYWNQa 1264.5745 GHKI01018616 (9);
Aspidiotus destructor Novel 1 pEVNFSPYWNQa 1264.5745 GGKE01207341
Acutaspis umbonifera Novel 1 pEVNFSPYWNQa 1264.5745 GCXJ01023699 (3);

Kerriidae Kerria lacca Novel 2 pEVNFTPYWNQa 1278.5902 GBDY01032366
Pseudococcidae Planococcus citri Novel 1 pEVNFSPYWNQa 1264.5745 GAXF02026530 (5);

Trionymus caricis Novel 1 pEVNFSPYWNQa 1264.5745 GCYT01017461 (3);
Aclerdidae Aclerda sp. Novel 1 pEVNFSPYWNQa 1264.5745 GCWU01017475 (3);
Dactylopiidae Dactylopius confusus Novel 1 pEVNFSPYWNQa 1264.5745 GCWV01028377 (3);

Coleorrhyncha Peloridiidae Xenophysella greensladeae Manto-CC pEVNFSPGWa 916.4312 GAYI02027838 (5);
Hackeriella veitchi Manto-CC pEVNFSPGWa 916.4312 GFEH01014874
Peloridium pomponorum Corpu-AKH pELNFSPSWa 960.4574 GCZG01017621 (3);
Xenophyes metoponcus Manto-CC pEVNFSPGWa 916.4312 GDEM01031637 (3);

Auchenorrhyncha,
Fulgoroidea

Delphacidae Nilaparvata lugens Peram-CAH-I pEVNFSPNWa 973.4526 (10, 11)
Laodelphax striatellus Peram-CAH-I pEVNFSPNWa 973.4526 AXF48182.1 (12);
Sogatella furcifera Peram-CAH-I pEVNFSPNWa 973.4526 GFWP01035542
Idiosystatus acutiusculus Peram-CAH-I pEVNFSPNWa 973.4526 GCXZ01027840 (3);

Auchenorrhyncha,
Fulgoroidea

Tropiduchidae Ladella sp. Novel 3 pEVNFTPGWGGa 1044.4898 GCXO01051348 (3);

Auchenorrhyncha,
Fulgoroidea

Achilidae Catonia nava Anaim-AKH pEVNFSPSWa 946.4417 GEHT01030223
Dictyopharidae Chondrodire chilensis Anaim-AKH pEVNFSPSWa 946.4417 GCYG01006298 (3);

(Continued)
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TABLE 1 | Continued

Higher Taxonomy Family Species AKH Sequence [M+H]+ Reference/Accession No.

Yucanda albida Anaim-AKH pEVNFSPSWa 946.4417 GFEF01029762
Phylloscelis atra Anaim-AKH pEVNFSPSWa 946.4417 GCYH01022542 (3);
Dictyophara europaea Anaim-AKH pEVNFSPSWa 946.4417 GDEP01027356 (3);

Derbidae Omolicna uhleri Anaim-AKH pEVNFSPSWa 946.4417 GEIW01049815
Cixiidae Melanoliarus placitus Anaim-AKH pEVNFSPSWa 946.4417 GCZE01047419 (3);

Tachycixius pilosus Anaim-AKH pEVNFSPSWa 946.4417 GDEX01003346 (3);
Caliscelidae Bruchomorpha oculata Anaim-AKH pEVNFSPSWa 946.4417 GCWF01037340 (3);

Caliscelis bonellii Anaim-AKH pEVNFSPSWa 946.4417 GDFE01015571 (3);
Flatidae Metcalfa pruinosa Anaim-AKH pEVNFSPSWa 946.4417 GDFH01005752 (3);

Jamella australiae Anaim-AKH pEVNFSPSWa 946.4417 GEJH01004521 (3);
Tettigometridae Tettigometra bipunctata Pyrap-AKH pELNFTPNWa 1001.4839 GFEJ01021282
Fulgoridae Lycorma delicatula Corpu-AKH pELNFSPSWa 960.4574 GFES01009373

Cyrpoptus belfragei Corpu-AKH pELNFSPSWa 960.4574 GCWQ01018876 (3);
Issidae Thionia simplex Anaim-AKH pEVNFSPSWa 946.4417 GEIJ01039255
Nogodinidae Lipocallia australensis Anaim-AKH pEVNFSPSWa 946.4417 GEIY01015402

Bladina sp. Anaim-AKH pEVNFSPSWa 946.4417 GFEA01003037
Acanaloniidae Acanalonia conica Anaim-AKH pEVNFSPSWa 946.4417 GCXC01059237 (3);

Auchenorrhyncha, Cicadoidea Cicadidae Platypleura capensis Placa-HrTH* pEVNFSPSWGNa 1117.5061 (13)
Munza trimeini Placa-HrTH* pEVNFSPSWGNa 1117.5061 (13)
Cacama valavata Placa-HrTH* pEVNFSPSWGNa 1117.5061 (14)
Diceroprocta semicincta Placa-HrTH* pEVNFSPSWGNa 1117.5061 (14)
Magicicada sp. Placa-HrTH* pEVNFSPSWGNa 1117.5061 (15)
Burbunga queenslandica Placa-HrTH pEVNFSPSWGNa 1117.5061 GEJZ01015462
Okanagana villosa Placa-HrTH pEVNFSPSWGNa 1117.5061 GAWQ02015184 (5);
Maoricicada tenuis Placa-HrTH

Novel 4
pEVNFSPSWGNa
pELTFSPSWGNa

1117.5061
1118.5265

GEJB01022642
GEJB01024815

Tamasa doddi Placa-HrTH pEVNFSPSWGNa 1117.5061 GEIK01019861
Diceroprocta semicincta Placa-HrTH pEVNFSPSWGNa 1117.5061 GGPH01043014
Kikihia scutellaris Novel 4 pELTFSPSWGNa 1118.5265 GEJF01000577

Tettigarctidae Tettigarcta crinita Placa-HrTH pEVNFSPSWGNa 1117.5061 GEHU01015427

Auchenorrhyncha, Cercopoidea Cercopidae Locris arithmetica Peram-CAH-I
Pyrap-AKH

pEVNFSPNWa
pELNFTPNWa

973.4526
1001.4839

(16)

Cercopis vulnerata Peram-CAH-I
Emppe-AKH

pEVNFSPNWa
pEVNFTPNWa

973.4526
987.4683

(5, 17)
GAUN02023904 (5);

Prosapia bicincta Psein-AKH
Peram-CAH-I

pEVNFTPGWa
pEVNFSPNWa

930.4468
973.4526

GCYJ01017491 (3);
GCYJ01021165 (3);

Auchenorrhyncha, Cercopoidea Aphrophoridae Ptyelus flavescens Peram-CAH-I
Ptyfl-AKH-I
Ptyfl-AKH-II

pEVNFSPNWa
pEINFSTGWGQa
pEINFSTAWGQa

973.4526
1119.5218
1133.5374

(18)

Aphrophora alni Emppe-AKH
Peram-CAH-I

pEVNFTPNWa
pEVNFSPNWa

987.4683
973.4526

(3, 17)
GDEN01003359 (3);

Philaenus spumarius Peram-CAH-I pEVNFSPNWa 973.4526 GCZA01031114 (3);

Auchenorrhyncha,
Membracoidea

Cicadellidae Cicadella viridis Anaim-AKH pEVNFSPSWa 946.4417 (17)
Graphocephala fennahi Anaim-AKH pEVNFSPSWa 946.4417 (17)
Graminella nigrifrons Anaim-AKH pEVNFSPSWa 946.4417 GAQX01004248 (19);
Vidanoana flavomaculata Anaim-AKH pEVNFSPSWa 946.4417 GCZD01028657 (3);
Dalbulus maidis Anaim-AKH pEVNFSPSWa 946.4417 GHCC01023424
Agudus sp. Anaim-AKH pEVNFSPSWa 946.4417 GFDX01034468
Cuerna arida Anaim-AKH pEVNFSPSWa 946.4417 GECZ01031106
Amrasca biguttula biguttula Anaim-AKH pEVNFSPSWa 946.4417 GGAG01048354
Agallia constricta Anaim-AKH pEVNFSPSWa 946.4417 GCWT01020143 (3);
Ulopa reticulata Anaim-AKH pEVNFSPSWa 946.4417 GDEO01044873 (3);
Empoasca fabae Anaim-AKH pEVNFSPSWa 946.4417 GCVV01009899 (3);
Nionia palmeri Anaim-AKH pEVNFSPSWa 946.4417 GEKN01042692
Penthimia sp. Anaim-AKH pEVNFSPSWa 946.4417 GFFF01070643
Euacanthella palustris Anaim-AKH pEVNFSPSWa 946.4417 GEJL01012714
Hespenedra chilensis Libau-AKH

Novel 5
pEVNFTPSWa
pEVNFTPYWa

960.4574
1036.4887

GCXG01036502 (3);
GCXG01005578 (3);

Macropsis decisa Anaim-AKH pEVNFSPSWa 946.4417 GEJE01013300

(Continued)
Frontiers in Insect Science | www
.frontiersin.org
 4
 June 2022
 | Volume 2 | Article 891615

https://www.frontiersin.org/journals/insect-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/insect-science#articles


Gäde and Marco Hemipteran AKHs
TABLE 1 | Continued

Higher Taxonomy Family Species AKH Sequence [M+H]+ Reference/Accession No.

Aphrodes bicincta Anaim-AKH pEVNFSPSWa 946.4417 GFDZ01090351
Ponana quadralaba Anaim-AKH pEVNFSPSWa 946.4417 GCZF01074577 (3);
Xestocephalus desertorum Anaim-AKH pEVNFSPSWa 946.4417 GELC01062483
Neocoelidia tumidifrons Anaim-AKH pEVNFSPSWa 946.4417 GEJC01018468
Tituria crinita Anaim-AKH pEVNFSPSWa 946.4417 GFEI01042457
Idiocerus rotundens Peram-CAH-I pEVNFSPNWa 973.4526 GEJG01013906
Penestragania robusta Anaim-AKH pEVNFSPSWa 946.4417 GFFC01022604
Tinobregmus viridescens Anaim-AKH pEVNFSPSWa 946.4417 GEIL01023531
Homalodisca vitripennis Anaim-AKH pEVNFSPSWa 946.4417 SRR14298121 (20);

Auchenorrhyncha,
Membracoidea

Membracidae Procyrta sp. Anaim-AKH pEVNFSPSWa 946.4417 GFFD01030962.1
Centrotus cornutus Anaim-AKH pEVNFSPSWa 946.4417 GDFF01029196 (3);
Heteronotus sp. Anaim-AKH pEVNFSPSWa 946.4417 GEJQ01007420
Enchenopa latipes Libau-AKH pEVNFTPSWa 960.4574 GCWI01029089 (3);
Holdgatiella chepuensis Peram-CAH-I pEVNFSPNWa 973.4526 GCXW01013215 (3);
Chelyoidea sp Anaim-AKH pEVNFSPSWa 946.4417 GFEB01065829
Nessorhinus gibberulus Anaim-AKH pEVNFSPSWa 946.4417 GCYF01016217 (3);
Microcentrus caryae Anaim-AKH pEVNFSPSWa 946.4417 GEIX01026642
Lycoderes burmeisteri Anaim-AKH pEVNFSPSWa 946.4417 GFER01033440
Cyphonia clavata Anaim-AKH pEVNFSPSWa 946.4417 GFEC01041949
Stictocephala bisonia Anaim-AKH pEVNFSPSWa 946.4417 GCZK01023978 (3);

Auchenorrhyncha,
Membracoidea

Melizoderidae Llanquihuea pilosa Peram-CAH-I pEVNFSPNWa 973.4526 GCWX01015088 (3);

Auchenorrhyncha,
Membracoidea

Myerslopiidae Mapuchea sp. Anaim-AKH pEVNFSPSWa 946.4417 GCXN01065091 (3);

Auchenorrhyncha,
Membracoidea

Aetalionidae Lophyraspis sp. Peram-CAH-I pEVNFSPNWa 973.4526 GFEQ01009937

Heteroptera, Gerromorpha,
Gerroidea

Gerridae Gerris lacustris Grybi-AKH pEVNFSTGWa 920.4261 (21)
Limnoporus canaliculatus Grybi-AKH pEVNFSTGWa 920.4261 GCYA01035739 (3);
Aquarius paludum Grybi-AKH pEVNFSTGWa 920.4261 GDFO01022466 (3);
Gerris buenoi Grybi-AKH pEVNFSTGWa 920.4261 JHBY02063394

Heteroptera, Nepomorpha,
Corixoidea

Corixidae Corixa punctata Corpu-AKH pELNFSPSWa 960.4574 (22)
Trichocorixa calva Corpu-AKH pELNFSPSWa 960.4574 GCYZ01011904 (3);

Heteroptera, Nepomorpha,
Nepoidea

Nepidae Nepa cinerea Nepci-AKH pELNFSSGWa 920.4261 (23)
Ranatra linearis Grybi-AKH pELNFSPSWa 920.4261 (23)
Laccotrephes fabricii Peram-CAH-I pEVNFSPNWa 973.4526 (24)

Belostomatidae Lethocerus indicus Letin-AKH pEVNFSPYWa 1022.4730 (23)
Hydrocyrius columbiae Letin-AKH

Anaim-AKH
pEVNFSPYWa
pEVNFSPSWa

1022.4730
946.4417

(24)

Appasus grassei Anaim-AKH pEVNFSPSWa 946.4417 (24)

Heteroptera, Nepomorpha,
Ochteroidea

Gelastocoridae Gelastocoris oculatus Anaim-AKH pEVNFSPSWa 946.4417 GCXI01021875 (3);

Heteroptera, Nepomorpha,
Naucoroidea

Naucoridae Ilyocoris cimicoides Anaim-AKH pEVNFSPSWa 946.4417 (22)
Laccocoris spurcus Lacsp-AKH pEVNFSPSWGGa 1060.4847 (25)

Aphelocheiridae Aphelocheirus aestivalis Anaim-AKH pEVNFSPSWa 946.4417 (25)

Heteroptera, Nepomorpha,
Notonectoidea

Notonectidae Notonecta glauca Anaim-AKH pEVNFSPSWa 946.4417 (26)
Notonecta obliqua Anaim-AKH pEVNFSPSWa 946.4417 (27)
Notonecta reuteri Anaim-AKH pEVNFSPSWa 946.4417 (27)
Buenoa margaritacea Anaim-AKH pEVNFSPSWa 946.4417 GCXE01046849 (3);

Heteroptera,
Leptopodomorpha, Saldoidea

Saldidae Saldula saltatoria Tippa-CC-II pELTFSPSWa 947.4621 GDER01017547 (3);

(Continued)
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TABLE 1 | Continued

Higher Taxonomy Family Species AKH Sequence [M+H]+ Reference/Accession No.

Heteroptera, Cimicomorpha,
Reduvioidea

Reduviidae Rhodnius prolixus Rhopr-AKH pELTFSTDWa 979.4520 (28, 29)
Panstrongylus megistus Rhopr-AKH pELTFSTDWa 979.4520 (29)
Triatoma infestans Triin-AKH pELTFTPNWGa 1045.5102 (29)
Dipetalogaster maxima Dipma-AKH pELTFSDGWGNa 1106.4901 (29)

Heteroptea, Cimicomorpha,
Cimicoidea

Cimicidae Cimex lectularius Cimle-AKH pEITFSTGWa 921.4465 (30)

Heteroptea, Cimicomorpha,
Cimicoidea

Anthocoridae Orius insidiosus Dircl-AKH-II pELTFSTGWa 921.4465 JACGAQ010000095
Orius laevigatus Dircl-AKH-II pELTFSTGWa 921.4465 JAGWEN010000368 (31);

Heteroptera, Cimicomorpha,
Miroidea

Miridae Lygus hesperus Novel 6
Novel 7

pELTYSPNWa
pELTYSPGWa

990.4680
933.4465

QQW38901 (32);
QQW38902 (32);

Apolygus lucorum (other name:
Lygus lucorum)

Glomo-AKH
Dircl-AKH-II

pELTFSPGWa
pELTFSTGWa

917.4516
921.4465

KAF6197472 (33);
WIXP02000008 (33);

Adelphocoris suturalis Novel 8 pELTYSTNWa 994.4629 GGBU01033998
Adelphocoris lineolatus Novel 8 pELTYSTNWa 994.4629 GGBQ01001787
Notostira elongata Diptera novel pELTFSPNWa 974.4730 GASV02006982 (5);
Tupiocoris notatus Peram-CAH-II pELTFTPNWa 988.4887 GFBA01048599
Lopidea amorphae Novel 8 pELTYSTNWa 994.4629 GCXF01011160 (3);
Reuteroscopus ornatus Novel 9 pELTYSPNWGa 1047.4894 GCYK01002075 (3);
Nesidiocoris tenuis Peram-CAH-II pELTFTPNWa 988.4887 CADCXU010005909
Cyrtorhinus lividipennis Novel 6 pELTYSPNWa 990.4680 JADDOF010000010

Heteroptera,
Pentatomomorpha,
Pentatomoidea

Pentatomidae Nezara viridula Panbo-RPCH
Nezvi-AKH#

pELNFSPGWa
pELNFSPGWa

930.4468
946.4417

(34)
(35)

Coenomorpha ssp Panbo-RPCH pELNFSPGWa 930.4468 (27)
Eurydema oleracea Panbo-RPCH pELNFSPGWa 930.4468 (27)
Eurydema ornata Panbo-RPCH pELNFSPGWa 930.4468 (27)
Rhaphigaster nebulosa Panbo-RPCH pELNFSPGWa 930.4468 (27)
Graphosoma lineatum Panbo-RPCH pELNFSPGWa 930.4468 (27)
Acrosternum hilare Panbo-RPCH pELNFSPGWa 930.4468 (36)
Euschistus servus Panbo-RPCH pELNFSPGWa 930.4468 (36)
Banasa dimiata Panbo-RPCH pELNFSPGWa 930.4468 (36)
Plautia stali Panbo-RPCH pELNFSPGWa 930.4468 BAV78787.1
Halyomorpha halys Panbo-RPCH pELNFSPGWa 930.4468 JMPT03100225
Aelia acuminata Panbo-RPCH pELNFSPGWa 930.4468 ERR6054995

Acanthosomatidae Acanthosoma haemorrhoidale Schgr-AKH-II pELNFSTGWa 934.4417 (27)
Tessaratomidae Encosternum delegorguei Panbo-RPCH

Schgr-AKH-II
pELNFSPGWa
pELNFSTGWa

930.4468
934.4417

(16)

Tessaratoma papillosa Panbo-RPCH pELNFSPGWa 930.4468 SRX12310643
Heteroptera,
Pentatomomorpha,
Pyrrhocoroidea

Pyrrhocoridae Pyrrhocoris apterus Pyrap-AKH
Peram-CAH-II

pELNFTPNWa
pELTFTPNWa

1001.4839
988.4887

(27)

Cenaeus carnifex Pyrap-AKH pELNFTPNWa 1001.4839 (27)
Dysdercus intermedius Pyrap-AKH pELNFTPNWa 1001.4839 (27)
Dysdercus cingulatus Pyrap-AKH pELNFTPNWa 1001.4839 (27)

Heteroptera,
Pentatomomorpha,Coreoidea

Coreidae Holopterna alata Schgr-AKH-II
Schgr-AKH-IIŦ

pELNFSTGWa
pELNFSTGWa

934.4417
1014.3986

(37)
(38)

Anoplocnemis ssp Schgr-AKH-II pELNFSTGWa 934.4417 (27)
Coreus marginatus Schgr-AKH-II pELNFSTGWa 934.4417 (27)

Heteroptera,
Pentatomomorpha,Coreoidea

Stenocephalidae Dicranocephalus agilis Schgr-AKH-II pELNFSTGWa 934.4417 (27)

Heteroptera,
Pentatomomorpha,Lygaeoidea

Lygaeidae Oncopeltus fasciatus Tenmo-HrTH pELNFSPNWa 987.4683 (39)
Lygaeus kalmii Tenmo-HrTH pELNFSPNWa 987.4683 Gäde G, Simek P, Marco

HG unpublished
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Members of the Coccoidea, also called scale insects because
the whole body is covered by a scale, are quite strange insects,
being mostly sessile, reproduce often parthenogenetically and, as
herbivores, are quite damaging to certain plants (especially citrus
fruits by Icerya purchasi) but are mostly inaccessible to
insecticides due to their scale and waxy surfaces. The other
side of the coin, however, are some beneficial traits of Coccoidea:
certain species are used as biocontrol agents in South Africa
especially against the invasive Opuntia cactus, the prickly pear
(56), and other species are sought after for their red dyes and
shellac, a resin that was formerly used to produce long play
records but is still used in various manufacturing processes.

Not much is known of the moss feeding moss bugs (Suborder
Coleorrhyncha), of which only a single family apparently is extant.
Nonetheless, Coleorrhyncha is the sister group to the monophyletic
suborder Auchenorrhyncha which is divided into two infraorders:
Fulgomorpha (with the superfamily Fulgoroidea = planthoppers)
and Cicadomorpha (with three superfamilies: Cicadoidea = cicadas,
Cercopoidea = spittlebugs and Membracoidea = leaf- and
treehoppers), Figure 1 (3).

There are more than 12 000 known species of planthoppers,
that feed off plant sap as adults and nymphs, thereby producing
honeydew which is often related with fungal growth. Mostly, the
Fulgoroidea do not have a declared pest status although some are
Frontiers in Insect Science | www.frontiersin.org 7
vectors for plant diseases which are transmitted during feeding as
outlined below. The superfamily encompasses a number of
families, of which we will introduce here only the Delphacidae
because it contains the brown planthopper, Nilaparvata lugens, a
dimorphic (macropterous and brachyopterous forms exist) most
harmful pest insect for rice species (Oryza sativa) where the
damage is done through extensive feeding and viral transmission
(57, 58). Two other delphacid planthoppers, Sogatella furcifera
and Laodelphx striatellus, are responsible for transmission of rice
viruses. Genomic information is now available from all three
species (10, 12, 59) and the analyses of neuropeptides and their
receptor sequences were carried out with the transcriptome of N.
parvata (11). This paves the way for experimentation on the
cellular and molecular levels to provide insights into regulation
of physiological/biological cycles in these tiny insects, and
possible ways to disrupt these cycles.

Whereas adult cicadas (Superfamily Cicadoidea) are largely
viewed as non-destructive insects without pest status (at least if
you are not supersensitive to their shrill calling songs), their
nymphal stages –which may develop for up to 17 years, as in the
genus Magicicada – are quite voracious feeders on root systems
of certain plants and can be very destructive, especially with
occasional outbreaks of Magicicada . The superfamily
Cercopoidea has many species that are well known for their
FIGURE 1 | Evolutionary tree of Hemiptera. Adapted from Johnson et al., 2018 (3), this condensed tree reflects only the superfamilies dealt with in the current study.
Orders are indicated in purple CAPITAL LETTERS (left); Suborders are in bold letters (left); Infraorders are shown with a black dot and by name on the tree, while
superfamilies are indicated on the right of the tree.
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powerful jumping ability; this has been studied in species of the
froghopper Cercopis vulnerata and the spittle bugs Philaenus
spumarius and Aphrophora alnus (60–63). These species are all
known for severely damaging various grass species (C.
vulnerata), clover and alfalfa (P. spumarius) and mostly willow
and olive trees (A. alni) (64, 65). The superfamily Membracoidea
are plant suckers as well and contains mainly the two families
Membracidae, the treehoppers, and Cicadellidae, the
leafhoppers. Both families have, in general, species that are
more or less innocuous to humans and, if at all, may be
considered minor pest insects, such as the three-cornered
alfalfa hopper Spissistilus festinus (Family Membracidae) (66).
Although the green leafhopper, Cicadella viridis (Family
Cicadellidae), is polyphagous and feeds on a number of
different herbaceous plants, it does not produce major
damages . S imi lar ly , the rhododendron leafhopper ,
Graphocephala fennahi, a native of the USA which was
introduced to Europe as late as in the 1970s, is sometimes
thought of spreading the rhododendron fungus that affects the
popular garden shrub, but other research could not establish
evidence to substantiate such a claim (67).

The sister group to the Auchenorrhyncha/Coleorrhyncha is
the species-rich (about 40 000 species) suborder Heteroptera
with 7 recognized infraorders of which at least 4 were
monophyletic in the study of (3). Heteroptera contain mostly
semi aquatic (Infraorder Gerromorpha and Leptopodomorpha),
aquatic (Infraorder Nepomorpha) and terrestrial clades
(Infraorders Pentatomorpha and Cimicomorpha, both of
which are known to harbour true pest insect species) plus the
two most basal heteropteran infraorders, the not well-researched
and species-poor (only 70 known species) Enicocephalomorpha
and the minute Dipsocoromorpha with only about 350 extant
species. The Gerromorpha is sister group to the latter infraorders
(3), and one of its superfamilies is the Gerroidea of which about
2000 species exist including the family of the predatory Gerridae,
the water striders, known for their ability to “walk on water”
because of distinct morphological and biomechanical
adaptations (68). Quite recently the genome of the species
Gerris buenoi was unravelled (69). Although the Nepomorpha
also contain only about 2000 species, there are some well-known
members even recognized by the general public, such as the
water boatmen (Superfamily Corixoidea, Family Corixidae), the
water scorpions (Superfamily Nepoidea, Family Nepidae) and
the backswimmers (Superfamily Notonectoidea, Family
Notonectidae) (70). The Nepomorpha species are aquatic,
mostly predatory insects that swim well (some even upside
down as the backswimmers) but are also capable of flight.
Some have peculiar ways of breathing air while submerged:
Family Notonectidae, for example, dive underwater with an air
bubble positioned to contact one or more pairs of spiracles; this
air bubble functions as a physical gill and as an oxygen store -
during diving, oxygen diffuses from the air bubble into the
tracheal system and to the cells, while carbon dioxide is
released from the body and diffuses into the surrounding
water. As the volume of the bubble shrinks, oxygen diffuses
into the air bubble from the surrounding water. Because of a very
Frontiers in Insect Science | www.frontiersin.org 8
dense body coverage with microtrichia, the air bubble is held in
place and water cannot flood into the spiracles (71). The water
bug Aphelocheirus (Superfamily Naucoroidea, Family
Aphelocheiridae) can stay permanently under water breathing
atmospheric air from a so-called plastron which is an
incompressible physical gill composed of a thin layer of
hydrophobic cuticular hairs or scales with a bent tip that traps
a film of oxygen around the body surface; the tracheae can access
the air in the plastron while the insect is underwater (72). About
half of the heteropteran species belong to the infraorder
Cimicomorpha (about 20 000 extant species) which inter alia
harbour such important and well-known superfamilies as the
Reduvioidea (assassin bugs), Cimicoidea (bed bugs) and
Miroidea (plant bugs). Bugs of the family Reduviidae are
infamous for feeding on vertebrate blood, and the kissing bugs
such as Rhodnius prolixus and Triatoma infestans (Subfamily
Triatominae) are vectors of Chagas disease caused by infection
with the protozoan parasite Trypanosoma cruzi. This disease
affects about 7 million people in the Americas. The genome of R.
prolixus is completely unravelled (73) and neuropeptide genes
are identified (28). Individuals of the family Cimicidae are
parasitic and also hemotaphagous, feeding mainly on the blood
of bats, birds and humans; its best-known member is the
common bedbug, Cimex lectularius, which causes an immune
response in the human host and discomfort but seldom transmits
viruses (74). Genomic information, as well as the
neuropeptidome of the bedbug is available since the last few
years (30, 75, 76). The largest heteropteran family of plant bugs,
the Miridae (Superfamily Miroidea), is noteworthy as it contains
very serious agricultural pests, such as the tarnish plant bug
Lygus hesperus, damaging to crops such as alfalfa and cotton
(77). The species Apolygus lucorum is more or less omnivorous
and damages many different plant species; its genome has been
elucidated (33). On the other hand, there are Miridae species that
are predatory, thus not phytophagous, and beneficial as
biological control agents, as is the case with Nesidiocoris tenuis,
also called the tomato bug, which is mainly used in tomato
greenhouses to devour whiteflies, and whose genome was
recently published (78). Or the mirid Cyrtorhinus lividipennis
which is a predator of plant- and leafhoppers in rice fields and
has its genome clarified (79). The last mirid of whom the genome
is apparently known is Pachypeltis micranthus, which is thought
to be used as a control agent against the invasive climbing hemp
vine (Mikania micrantha) (80).

The sister group of the Cimicomorpha is the Pentatomorpha
with its five superfamilies: the stink bugs (Pentatomoidea), red
bugs (Pyrrhocoroidea), leaf-footed bugs (Coreoidea) and, lastly,
the seed bugs (Lygaeoidea) (3). There are three families of
interest in the Pentatomoidea all of which are characterized by
chemical defenses and the shield-like shape of the body: the
shield and giant shield bugs (Acanthosomatidae and
Tessaratomidae) with only a few species (about 200) and the
stink bugs (Pentatomidae) with more than 4700 species.
Whereas the Acanthosomatidae are no real agricultural crop
pest, Tessaratomidae and especially Pentatomidae cause
enormous economic damage to agriculture, with the
June 2022 | Volume 2 | Article 891615
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Tessaratomidae having an additional economic value as
proteinaceous food for humans (81). Genomics and in some
cases transcriptomics and neuropeptidomics has been applied to
the pentatomid members Aelia acuminata, Halyomorpha halys
and Nezara viridula (82–84). The family Pyrrhocoridae is well
known for its red bug and especially the Linden bug Pyrrhocoris
apterus that feeds on Linden and other seeds, while the cotton
bug (genus Dysdercus) sucks on cotton seeds. The largest family
of the superfamily Coreoidea is the Coreidae with almost 2000
robust looking species that also have scent glands releasing a
chemical defense substance; these insects (e.g. Holopterna alata)
feed on sap from the youngest shoots of plants causing wilting
damage, which has led to their common name, twig wilters. The
last superfamily of seed and sap feeding seed bugs, the
Lygaeoidea, is quite large and contains many families of which
the Lygaeidae with its most prominent member, the large
milkweed bug Oncopeltus fasciatus, is best known. Research on
this species centers on its diet, milkweed seed, and the
sequestration of the toxins therein, which it uses as defense
mechanism; its unpalatability is advertised with aposematic
colouration (85). There are northern and southern populations
of O. fasciatus in the USA that differ in their migration
behaviour: the northern bugs undertake long distance flights
(86). A genome project on this species has also been
concluded (87).
2.2 The Adipokinetic Hormone
Peptide Family
The most apt way to introduce this topic is to shortly talk about
flight metabolism, for insect flight is indirectly regulated by the
action of adipokinetic hormones. Flight in its sustained muscle-
powered form is known to have occurred by convergent
evolution in three extant animal lineages: the insects, birds and
bats with the insects being the first in such an evolutionary event
that was probably meant to evade predators and had occurred
during a dramatic rise in the atmospheric oxygen concentration
to 35% during the late Devonian to late Carboniferous period
(88). One cannot, of course, associate hemipteran species as
being especially fast flyers like the lepidopteran skippers
(Hesperioidea) and sphinx moths (Bombycoidea) (see 89) or as
prize-winning long-distance migrants such as certain locusts (90)
and the Monarch butterfly (91). There are, however, some
remarkable flight performances known from hemipteran
species. The rice pest planthoppers of the family Delphacidae
(Auchenorrhyncha, Fulgoroidea) cover about 1000 km from the
Asian mainland to Japan, with the prevailing winds (see 92).
Species of the basal Sternorrhyncha can also perform “long-
distance” flights, albeit only for maximally 2 to 5 km, as deduced
from experiments on specially constructed flight mills; for such
tiny insects as the Asian citrus psyllid, D. citri (Superfamily
Psylloidea), or the soybean aphid, A. glycines (Superfamily
Aphidoidea), these are, indeed, long distances (93, 94). A
caveat: the pros and cons of measuring tethered flight on a
flight mill and the type of parameters that can be realistically
deduced from such experiments, e.g. flight distance and speed, is
Frontiers in Insect Science | www.frontiersin.org 9
reviewed by (95). Most superfamilies of the highest hemipteran
suborder (Heteroptera) also have species that fly well over a
distance for dispersal reasons. For example, aquatic bugs of the
superfamilies Corixoidea and Nepoidea (96, 97), or tarnished
plant bugs of the genus Lygus (Superfamily Miroidea) (98, 99),
the stink bugs H. halys and N. viridula of the superfamily
Pentatomoidea (100–103) and O. fasciatus of the superfamily
Lygaeoidea (104). These are only a few examples. There are,
however, also some species that we will cover later that are
wingless and, hence, cannot fly at all like the bedbug C.
lectularius (Superfamily Cimicoidea) and the Linden bug P.
apterus (Superfamily Pyrrhocoroidea) (105, 106).

Regardless of the flight distance, insect flight is always using
oxidative metabolism; the insect flight muscles are, thus, the
most metabolically active tissues known in nature; for example,
energetic output, measured as oxygen consumption during flight,
can be elevated 100-fold above resting level (see reviews by 107,
108). To power this output of flight muscles, insects store
metabolic fuel in the fat body, mainly as triacylglycerides
(TAG) and/or as glycogen, and mobilize these stores
hormonally by peptides belonging to the adipokinetic hormone
family (see 108). The first insect adipokinetic hormone, today
called Locmi-AKH-I, was chemically fully elucidated from the
neurosecretory corpora cardiaca (CC) glands of the migratory
(Locusta migratoria) and desert (Schistocerca gregaria) locusts
(109). The first AKH gene was cloned from the tobacco
hornworm moth, Manduca sexta (110). Generally, the AKH
gene codes mRNA that is translated into a pre-propeptide with
the following properties: a signal peptide followed immediately
by the respective AKH, a glycine which functions as amidation
site, a dibasic processing site and a C-terminal peptide of variable
length with no known function. Cleavage and post-translational
modification follows and shapes the structure of a mature AKH
with the following characteristic features: the chain length is
between 8 and 10 amino acids, the termini are blocked (a
pyroglutamate at the N-terminus and a carboxyamide at the
C-terminus), position two is either taken up by an aliphatic
leucine, isoleucine or valine residue or by an aromatic such as
phenylalanine or tyrosine, at position 3 one finds either
asparagine or threonine, at position 4 phenylalanine or
tyrosine, at position 5 threonine or serine, the signature amino
acid tryptophan is always at position 8 and at position 9 is a
glycine, while positions 6, 7 and 10 may be any of a wide variety
of amino acids (see 21, 111). After release from the CC AKHs
travel in the hemolymph to the target organ, notably the fat body,
and exert their activity by binding to a G protein-coupled
receptor, the first of which were identified genomically in the
vinegar fly Drosophila melanogaster and the silk moth Bombyx
mori (112, 113). Signal transduction has been studied for a
number of species (reviewed by 114); in the case of regulation
of lipid metabolism by AKHs, triacylglycerol (TAG) lipase
activity results in the production and release of diacylglycerols
(DAGs) into the hemolymph (see 115–118). The transport of
this hydrophobic molecule to the flight muscles is complex: high
density lipophorin associates with apolipophorin III and is
loaded with DAGs, this creates a less dense protein particle, a
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low density lipophorin (see 115); in some cases, like in female R.
prolixus undergoing oogenesis, lipophorin may not be converted
into a low-density form (119). A membrane-bound lipoprotein
hydrolyses the DAG at the flight muscles and the resulting fatty
acids are oxidized to power the contraction for flight.

How does one identify a member of the AKH family in an
insect species? In our hands and opinion, the easiest and most
successful way is first to establish presence and approximate
abundance of AKH material by using a functional assay to show
that an extract of the CC (site of AKH synthesis and storage) can
mobilize metabolites in a heterospecific insect, such as locusts,
where AKHs have a demonstrated lipid-mobil izing
(adipokinetic) effect, or cockroaches that respond to AKHs
with an elevated carbohydrate concentration in the
hemolymph (a hypertrehalosemic/hyperglycemic effect). Such
heterologous bioassays are robust and proven (see 120). Socha
et al. (121) are in favour of a conspecific biological test using the
insect under study. Although this makes absolute sense from a
physiological view, it may not be without complications since
many insect species are not amenable to the necessary handling
steps in such a biological assay, e.g. some insects are simply too
small or too fragile for injection and sampling, while many others
have fast clotting hemolymph when in contact with oxygen, thus
making it impossible to measure the metabolite concentrations.

Once AKH presence is confirmed in an insect species, one may
want to first isolate the AKH material from the CC extract via
chromatographic means and then proceed with sequencing, or one
may target and sequence the AKH without any prepurification/
peptide isolation steps. Sequence information was relatively tedious
to obtain a few decades ago when it was imperative to first isolate
and purify the AKH via HPLC (high-pressure liquid
chromatography) and then deblock the N-terminal pyroglutamate
enzymatically before further analyses with an amino acid sequencer.
Nowadays sequencing is easier by mass spectrometry and via data
mining of publicly available bioinformatic information (genomic
and transcriptomic databases). However, the “modern”methods of
sequencing require additional corroborating steps since there are
inherent shortcomings, such as assigning an identity to isobaric
amino acids, or not being able to predict all post-translational
modifications from a preprohormone translated mRNA sequence.
3 STRUCTURAL AND FUNCTIONAL
SURVEY OF HEMIPTERAN AKHS

3.1 AKH-Regulated Metabolism in
Hemiptera: The Beginnings
The high resolution power of the electron microscope was able to
show abundant lipid droplets in muscles of the giant water bug
(genus Lethocerus, Family Belostomatidae) (122). It took 14 years
for a follow up in the triatomine bugs R. prolixus and T. infestans
(Family Reduviidae): Ward et al. (123) studied the flight of the
kissing bugs on specially constructed flight mills and found large
amounts of lipids (as TAGs) stored in the flight muscles; upon
flights of a 1 h duration, the concentration of the TAGs decreased
significantly in the flight muscles with a concomitant increase of
Frontiers in Insect Science | www.frontiersin.org 10
the level of DAGs in the hemolymph. On the other hand,
concentrations of glycogen in the flight muscles and trehalose
in the hemolymph remained low. Thus, here we have the first
study in Hemiptera clearly demonstrating the exceptional role of
lipid oxidation to fuel flight muscle contraction. What was
missing at this early stage was to look at the regulation of the
breakdown of TAGs and find an involvement of an AKH which
could then have been identified. It would take almost another 30
years until the sequence of the AKH responsible in kissing bugs
to control lipid metabolism became known (see 3.2
below, Reduvioidea).

Meanwhile, the first sequence of a member of the AKH family
in a hemipteran insect was published in 1994 (13) from the South
African orange wing cicada, Platypleura capensis (Superfamily
Cicadoidea) in which two AKHs were isolated (Table 1). The two
AKHs, called Placa-HrTH-I and -II, were also found in a variety
of other cicadas by two further research groups (14, 15). The
interesting fact here is that both peptides have an identical amino
acid sequence and UV spectrum but differ in chromatographic
retention time in liquid chromatography: peptide I elutes earlier
than the more hydrophobic peptide -II. Edman degradation
could not resolve the sequence difference at the time. Recent
experiments suggest that the difference between the two peptides
may be a cis-trans proline isomerization (17, 124). Functionally
these peptides are not involved in lipid metabolism but are true
hypertrehalosemic hormones as shown by the mobilization of
carbohydrates in vivo in P. capensis, as well as by flight
experiments where free flight of the cicada to exhaustion in
about 8 min, decreased the titre of hemolymph sugar by 40% and
the amount of glycogen in the flight muscles by 70% (13).

Historically the next hemipteran AKH was reported from the
fire bug P. apterus (see below 3.2 Pyrrhocoroidea).

3.2 The Hemipteran AKHs:
A Phylogenetic Context
3.2.1 Suborder Sternorrhyncha,
Superfamily Aleyrodoidea
Neuropeptide precursors and their receptors were identified in a
specific strain of the whitefly B. tabaci (1) by analyzing the
published whitefly genome and transcriptome (48) using
sequence information from a set of five insects with previously
characterized neuropeptidomes. In the process, an AKH receptor
(AKHR) gene and an AKH precursor was identified. The latter
represents a mature octapeptide AKH with the sequence
pEVNFSPTW amide (Table 1). This peptide had been
sequenced before via mass spectrometry as the first
neuropeptide ever to have been structurally identified in the
order Grylloblattodea specifically, in the ice crawler Galloisiana
yuasai, hence, the code-name for this peptide is Galyu-AKH
(125). Galyu-AKH is also identified from the transcriptome of a
second white fly species, Trialoeuodes vaporariorum (Table 1),
so that one can cautiously state that this peptide may be
characteristic for Aleyrodidae. Although the sweet potato
whitefly had been used in flight chamber experiments to study
its ability of migration and dispersal (126), no flight metabolites
had been measured. With the updated knowledge of its
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endogenous AKH and receptor, experiments could be
undertaken to measure the extent to which lipids contribute to
the energetics of dispersal flights.

3.2.2 Suborder Sternorrhyncha,
Superfamily Psylloidea
Transcriptomic data of the Asian citrus psyllid, D. citri, were
analyzed to identify the core set of neuropeptides and their
receptors based on homology with sequences from other insects
(2). The AKH transcript revealed a sequence for a mature
decapeptide AKH as pEVNFSPNWGG amide. A peptide with
this primary structure is known by mass spectrometry
sequencing in a member of the Order Embioptera, the
webspinner Oligotoma saundersii, hence its code-name Olisa-
AKH (127). Two AKHR genes were identified in the
transcriptome of D. citri on the basis of homology (2), but
these have not yet been characterized (functionally or
pharmacologically) as being AKHRs. Spatial expression profiles
revealed a rather surprizing ubiquitous appearance of the AKH
gene in different body areas of the citrus psyllid (2). AKH mRNA
is usually confined to the head of an insect, where the corpora
cardiaca are located; it should be noted, though, that the
expression profiles were generated with RSEM, a software tool
for quantifying transcript abundances from RNA-Seq data by
using an Expectation-Maximization algorithm to estimate
maximum likelihood expression levels of a transcript.
Moreover, D. citri adults are only 3 mm in size, thus
increasing the handling difficulty and the accuracy of neatly
separating body areas without tissue contamination. Similarly,
the RSEM-generated expression profiles for the putative AKH
receptors predicted low but ubiquitous expression of one of the
receptors in D. citri and no clear pattern for the other AKHR (2).
Nonetheless, the genomic data and available transcriptomes (2,
50) could be instrumental in further investigations that could
provide information of specific metabolic regulation in psyllids.
Because of its serious damage to citrus production as vector of a
deadly bacterium, flight capability and dispersal potential have
been studied quite well in the citrus psyllid, however, to our
knowledge no experiments demonstrating the flight fuel for this
insect have been undertaken. The transcriptomes of a further 8
species of Psylloidea from various families (Table 1) are publicly
accessible: all have Olisa-AKH which appears to be the signature
AKH for this superfamily.

3.2.3 Suborder Sternorrhyncha,
Superfamily Aphidoidea
The complete genome of A. pisum (52) as well as prediction of
neuropeptides (54) and cloning of the AKH gene plus
confirmation via mass spectrometry (6) all concluded in the
same primary structure of a unique decapeptide, code-named
Acypi-AKH (pEVNFTPTWGQa). The same sequence is found
in at least another 19 species of aphids (Table 1), discovered
mostly via molecular biology and bioinformatics methodologies.
Biological assays with A. pisum, a 4 mm long adult aphid, are
naturally challenging. It is not surprizing, therefore, that a classic
metabolic effect (increased lipids, carbohydrates and/or protein)
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could not be measured in extracts of whole aphids after topical
exposure to Acypi-AKH (6) and merely emphasizes
methodological shortcomings aris ing from in vivo
experimentation with such a small animal. However, enzyme
assays could demonstrate an increase in the activity of
glutathione-S transferase, an enzyme involved in antioxidative
defensive mechanisms. Moreover, AKH transcript expression
was chiefly in the brain/corpora cardiaca and ovaries/embryos,
with significantly higher transcript numbers (calculated from
quantitative real-time-PCR) in winged individuals compared
with wingless morphs, interpreted as an indirect indication of
the significance of AKH in aphid flight (6). In the eusocial aphid
species, Pseudoregma bambucicola, the AKH receptor was cloned
additionally, and three different splice forms found (7). A similar
expression pattern in AKH transcript was found in P.
bambucicola as in A. pisum, with the highest AKH expression
level recorded in winged females and soldiers, and the lowest in
wingless sedentary females (7). AKHR transcripts were located in
gut, ovary, fat body and head of P. bambucicola with the highest
levels in soldiers in galls and in winged females (7). Possible
(unconvincing) explanations are put forward for the AKH/
AKHR expression in winged/non-winged forms and different
aphid castes and attempts to link it with various energy
requirements (see 7).

As early as 1961 a quite detailed study by (128) investigated
the relationship of the flight fuels glycogen and fats to tethered
flight duration in Aphis fabae. During the first h of flight fats
contributed about 70% to the used energy by the flight muscles,
whereas after 4 h and 6 h it was more than 90%. Thus, without
doubt, fat oxidation is preferred for long flights. This may be true
for all other aphids as well. For example: tethered flight in a wind
tunnel has been used for the corn leaf aphid Rhopalosiphum
maidis to measure their ability to migrate and disperse (129).
Best flyers were young, winged adults (half a day to one day old)
that had about 50% of their dry weight measured as lipids. Flight
could last for up to 14 hours with a sharp decrease of lipids
during the first 4 h (a drop from about 50% to 25% dry weight)
(129). Thus, we can conclude that the known AKH/AKHR
system in A. pisum and other aphids plays a major role in
energy provision and hope that this will stimulate experiments in
which dsAKH/dsAKHR is introduced into the aphids and
correlated with flight substrate use after flight episodes to
obtain definitive answers about the relative importance of lipid
vs carbohydrate metabolism in aphids.

3.2.4 Suborder Sternorrhyncha, Superfamily
Coccoidea
AKH data are only available from transcriptomes; our homology
searches revealed that 11 out of 12 investigated species contain a
novel decapeptide (Novel 1: pEVNFSPYWNQ amide) which
structurally is an elongation of an octapeptide found in an
aquatic heteropteran insect (Letin-AKH: pEVNFSPYW amide,
Table 1). One coccineal species, has a S5 to T5 modification of
the common decapeptide found in this superfamily; this too, is a
novel peptide and we refer to this second novel peptide as Novel
2 (Table 1).
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3.2.5 Suborder Coleorrhyncha
The mossbugs are represented by 4 species in Table 1; their
transcriptomes were assembled 4-8 years ago and our homology
searches revealed the octapeptide Manto-CC (pEVNFSPGW
amide) in 3 of the transcriptomes and the octapeptide Corpu-
AKH (pELNFSPSW amide) in the remaining transcriptome
(Table 1). Manto-CC had earlier been sequenced via mass
spectrometry in a member of the polyneopteran order
Mantophasmatodea (130), while Corpu-AKH is known from a
corixid water bug (see below).

3.2.6 Suborder Auchenorrhyncha,
Superfamily Fulgoroidea
Genomic and transcriptomic analyses led to the prediction of
one octapeptide AKH with the code-name Peram-CAH-I
(pEVNFSPNWa) in the brown planthopper N. lugens (Family
Delphacidae) (10, 11). This peptide is one of the two signature
AKHs with cardioacceleratory and hypertrehalosemic action of
blattid cockroaches but is also known to be synthesised by the CC
of other insects including a few beetle families (21, 131). There
are numerous other genomes/transcriptomes assembled and
published from various families of Fulgoroidea; we found hits
to our homology searches in 23 species (Table 1). Like in N.
lugens, Peram-CAH-I is identified in 3 other Delphacidae
species. For the rest, the majority of species, irrespective of
family, has the octapeptide Anaim-AKH (pEVNFSPSW amide)
which was first identified in a dragonfly Anax imperator (21); 2
species of the family Fulgoridae have Corpu-AKH, which we
encountered also in the moss bugs; and the single accessible
transcriptome of species of the families Tettigometridae and
Tropiduchidae respectively, have Pyrap-AKH (pELNFTPNW
amide), which was first found in the heteropteran firebug
Pyrrhocoris apterus, and a novel decapeptide (Novel 3:
pEVNFTPGWGG amide) which is an elongated form of an
octapeptide (Psein-AKH) first sequenced from a damselfly (21).

Flight and metabolic fuels in species from the superfamily
Fulgoroidea have only been studied in the 4.5 mm long
planthopper N. lugens. That lipid is fuelling flight in N. lugens
was investigated already in the 1980s. Not only was a depletion of
the lipid stores noted after some flight time (well in excess of 20
min), but the lipid content determined from whole planthoppers
at different points along their migratory routes decreased the
further the individuals were away from their breeding sites,
indicating a role of lipids as energy source during migratory
flights (132). A role for carbohydrates as additional, minor flight
fuel in N. lugens was concluded from another set of flight and
metabolism studies (133): although lipid deposits are
proportional to body weight and the glycogen reserves are
more variable and approximately only 0.2% of the live weight
of adult planthoppers, N lugens utilized the carbohydrate
reserves at the beginning of their migratory flights for some
hours before the total switch over to lipid reserves. When the
AKHR cDNA of N. lugens was cloned (134), expression studies
(using qRT-PCR) could be carried out and correlated with
specific physiological conditions, including lipid metabolism.
Expression levels of AKH transcripts were highest in adult
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male N. lugens and exclusively expressed in head tissues, while
for the N. lugens AKHR the highest expression was in the fat
body; the AKH/AKHR signaling system is most developed in the
adult stage, as judged by quantitative expression during different
stages of development (134). Starvation of between 6 and 48 h
resulted in a significant increase in expression of AKHR
transcripts, while AKH expression levels showed a significant
difference at 48 h, suggesting a role for AKH signaling in
starvation resistance and, indeed, injection of Peram-CAH-I (2
injections of 20 pmol per day for 3 days) into starving females
saw a significant decrease and depletion of TAG stores in the fat
body as this was mobilized in the form of DAG into the
hemolymph to satisfy the metabolic needs of the body cells
under nutrient deprivation. Such AKH-injected females, not
unsurprisingly, succumbed faster to starvation (following the
depletion of lipids in the fat body) than starving females that
were not injected with an AKH (134). A similar delay in death by
starvation was achieved when the AKH signaling system was
knocked down in the brown planthopper – the AKH receptor
was silenced by injection of dsRNA into female adult bugs: in
such AKHR knockdown N. lugens females, obesity resulted along
with an excessive accumulation of TAG in the fat body and a
reduction of DAG in the hemolymph when compared with
control-injected (ds green fluorescent protein) planthoppers.
Moreover, these AKHR knockdown insects lived 24 h longer
under starvation conditions than the control-injected N. lugens
specimens (134), indicating that an intact AKH signaling system
will continue to try and restore lipid homeostasis and
consequently, deplete resources at a faster rate under starvation
conditions. It is believed that a second, functionally redundant
pathway of lipolysis (i.e. Brummer lipase-mediated) may be
partially compensating for the impaired AKH signaling
pathway in AKHR knockdown insects during starvation.
Brummer lipase was shown to regulate lipid mobilization and
starvation resistance in N. lugens (see 134). In a follow-on study
with female N. lugens and the silenced AKHR, a decrease in
trehalose in the hemolymph was observed (135) since
carbohydrates were used but could no longer be replaced from
glycogen stores in the fat body due to the defunct AKHR.
Moreover, phenotypic changes were recorded that matched
those when the vitellogenin receptor (VgR) had been knocked
down, viz. delay in oocyte maturation, reduced Vg incorporation
into the oocytes, reduced fecundity and a prolonged pre-
oviposition period; this seemed to be a clear link between the
AKHR and vitellogenesis. Western blot analyses of whole AKHR
knockdown females, however, revealed that Vg synthesis in the
fat body was not affected, whereas significantly reduced VgR
levels were measured in the ovary (135). When 2M trehalose was
injected into the AKHR knockdown N. lugens specimens, the
VgR gene expression and VgR protein levels in the ovary
increased, and the incorporation of Vg into oocytes could be
partially restored (135), suggesting either that AKH-mediated
trehalose is involved in regulating vitellogenesis and oocyte
development in the brown planthopper, or that the
knockdown phenotype may have been rescued by the general
provision of an energy substrate.
June 2022 | Volume 2 | Article 891615

https://www.frontiersin.org/journals/insect-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/insect-science#articles


Gäde and Marco Hemipteran AKHs
3.2.7 Suborder Auchenorrhyncha,
Superfamily Cicadoidea
The AKHs of 5 cicada species were sequenced by Edman
degradation in the 1990s; the strange twin peptides, Placa-
HrTH-I and -II, were discussed above (in 3.1) with the
research into metabolism - these cicada species utilize and
mobilize carbohydrates, not lipids for flight. From accessible
transcriptomes we have located AKHs of a few more cicada
species (Table 1): 6 of the 7 additional species produce the
decapeptide Placa-HrTH (pEVNFSPSWGNa) which is an
extended form of Anaim-AKH, that is the hallmark peptide of
the Fulgoroidea (Auchenorrhyncha). One of these 6 cicada
species (Maoricicada tenuis), however, produces a second AKH
in addition to Placa-HrTH - a novel decapeptide (Novel 4:
pELTFSPSWGN amide), and only this novel peptide occurs in
Kikihia scutellaris (Table 1).

3.2.8 Suborder Auchenorrhyncha,
Superfamily Cercopoidea
The structure of two AKHs from the CC of the spittle bug Locris
arithmetica were fully characterized by mass spectrometry (16).
One is the octapeptide called Peram-CAH-I (pEVNFSPNW
amide) that we encountered and discussed with Delphacidae
species (Auchenorrhyncha, Fulgoroidea); the other spittle bug
AKH is the octapeptide code-named Pyrap-AKH (pELNFTPNW
amide), which was first identified in the firebug P. apterus but is
also synthesized in a pamphagid grasshopper and in the red flour
beetle Tribolium castaneum (21). In vivo bioassays with L.
arithmetica revealed that both peptides significantly raised the
concentration of lipids in the hemolymph (and to a lesser extent,
the level of carbohydrates). Moreover, metabolite changes in the
hemolymph of the spittle bug during 2 min free flight episodes
suggested that contractions of flight muscles are initially fuelled
by the oxidation of carbohydrates but subsequently by lipid
oxidation (16). The black and red frog hopper Cercopis vulnerata
produces two very similar octapeptide AKHs: Peram-CAH-I was
shown by mass spectrometry (17), and we identified Emppe-
AKH (pEVNFTPNWa) from the frog hopper’s transcriptome
(Table 1). Emppe-AKH had previously been found in the CC of
the praying mantis Empusa pennata and later from six further
species of the order Mantodea (136). Bioinformatic searches
revealed a pair of AKHs in a third cercopoid species, Prosapia
bicincta, viz. Peram-CAH-I and Psein-AKH, a damselfly peptide
(Table 1). C. vulnerata and its close relative, the meadow spittle
bug Philaenus spumarius, perform impressive and powerful
jumps (60, 61, 63) but AKH regulation of substrate usage in
these species has not been investigated to date. The study of
AKHs from the African froghopper Ptyelus flavescens (Family
Aphrophoridae of the Cercopoidea) elucidated three AKHs (18):
an octapeptide, Peram-CAH-I, and two decapeptides, Ptyfl-
AKH-I and -II, which differ only in one amino acid at position
7 (Table 1). P. flavescens only undertake short distance flights
and, accordingly, biological assays showed mobilization of
carbohydrates after injection of the endogenous peptides in
synthetic form (18). The European alder spittlebug,
Aphrophora alni, also infamous for extraordinary jumping
Frontiers in Insect Science | www.frontiersin.org 13
abilities (63), contains a pair of octapeptide AKHs: Emppe-
AKH was evidenced in a CC extract with mass spectrometry
(17), while the near-similar Peram-CAH-I was deduced from
database searches (Table 1). Only Peram-CAH-I could be
identified as AKH in P. spumarius (Table 1). There are no
metabolic data available on fuel use during flight or jumps for A.
alni and P. spumarius.

3.2.9 Suborder Auchenorrhyncha,
Superfamily Membracoidea
One octapeptide, Anaim-AKH, was sequenced from the green
leafhopper Cicadella viridis and the rhododendron leafhopper
Graphocephala fennahi (17). Anaim-AKH was first identified in
the dragonfly A. imperator (Order Odonata) (21) and is
prevalent in the Fulgoroidea bugs (discussed above) but also in
a number of water bugs (see below), as well as in members of the
order Ephemeroptera (137). Leafhoppers are good flyers but
have not been investigated in depth, especially not with respect to
fuel utilization; instead, their dispersal flight abilities have been
studied on flight mills, for example, the aster leafhopper
Macrosteles quadrilinaeus (138) and Cicadulina, vector of the
maize streak virus (139). Another notorious leafhopper pest
insect that is under the spotlight is the glassy winged
sharpshooter, Homalodisca vitripennis, which feeds on a
variety of plants, inter alia grapes, stone fruits and citrus, into
which it transmits the bacterium Xylella fastidiosa (20).

A wealth of AKH sequence information is derived from
recent transcriptomic work on Membracoidea species,
spanning various families (Cicadellidae, Membracidae,
Melizoderidae, Myerslopiidae and Aetalionidae; Table 1). In all
but one species of the Membracoidea listed in Table 1, only one
AKH peptide is present or predicted. The exception to this rule is
Hespenedra chilensis with two predicted AKHs. By far the most
common AKH in this superfamily is Anaim-AKH (33 species in
all), there are 4 species with Peram-CAH-I, two with Libau-AKH
(pEVNFTPSW amide; first found in anisopteran dragonflies)
(21) and a novel octapeptide (Novel 5: pEVNFTPYW amide)
which has a S7/Y7 exchange compared to Libau-AKH, co-occurs
with Libau-AKH in H. chilensis.

3.2.10 Suborder Heteroptera, Superfamily Gerroidea
To date only one species of the long-winged water strider family
Gerridae, Gerris lacustris, has been investigated for AKHs and an
octapeptide (pEVNFSTGW amide) was sequenced (21). This
peptide, code-named Grybi-AKH, was found in Gryllus
bimaculatus and other ensiferan Orthoptera but is almost
ubiquitous with presence in some caeliferan Orthoptera,
Hymenop te r a , Neurop te ra and Dermap te r a (21) .
Transcriptomic data confirm this interpretation and three
more Gerroidea have been assigned with Grybi-AKH (Table 1).

Migratory or dispersal flights are quite common in
Heteroptera, in general. Peculiar for this clade, the sclerotized
forewings, the hemelytra, protect the membranous hindwings
and, in flight are coupled with the hindwings to beat
simultaneously (140). This is called functional diptery and it is
necessary because there are no flight muscles associated with the
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hindwings. Although water striders are known for migratory
flights, see for example (141), there are no reports on AKH-
regulated energy metabolism. There is a general study on the
lipids in the species Gerris remigis during season and
development; it is stated that during hibernation “they
probably metabolized 0.02 mg lipid/individual per day” (142);
no involvement of an AKH has been noted.

3.2.11 Suborder Heteroptera, Superfamily Corixoidea
The water boatman, Corixa punctata, contains one octapetide
AKH with the sequence pELNFSPSW amide which was first
elucidated in this species and, thus, is called Corpu-AKH (22). As
discussed above, Corpu-AKH is now also predicted in a
Coleorrhynacha and two Auchenorrhyncha species .
Conspecific bioassays clearly showed that hemolymph lipids
were elevated upon injection of synthetic Corpu-AKH and not
the carbohydrates, suggesting a lipid-based metabolism (22).
Corixidae fly and swim very well (96, 143) but contrary to
other water bugs (see below) experimentation into the usage of
metabolites during such activity is lacking.

3.2.12 Suborder Heteroptera, Superfamily Nepoidea
AKHs of six species of this suborder have been sequenced, 3 from
the family Nepidae and 3 belonging to the family
Belostomatidae. All of these AKHs are octapeptides: two are
found only in this superfamily, viz. Nepci-AKH (pELNFSSGW
amide) in the water scorpion Nepa cinerea and Letin-AKH
(pEVNFSPYW amide) in the giant water bug Lethocerus
indicus (23), while two other Nepidae (Ranatra linearis and
Laccotrephes fabricii) produce Grybi-AKH and Peram-CAH-I,
respectively (23, 24); Hydrocyrius columbiae (Belostomatidae)
synthesizes two AKHs in the CC, viz. Letin-AKH and Anaim-
AKH, while only Anaim-AKH is produced in Appasus grassei
(Belostomatidae) (24). Conspecific bioassays showed for N.
cinerea, L. niloticus, A. grassei and L. fabricii an increase of the
hemolymph lipids when injected with the respective endogenous
AKH but no change in the titre of carbohydrates, indicating the
involvement of lipids in energy metabolism (23). This was
corroborated by experiments where A. grassei or L. fabricii
specimens had to swim continuously for one hour, thus
perform strenuous exercise. The release of AKH, activation of
TAG lipase in the fat body and DAG release into the hemolymph
is indirectly shown by the substantial increase in the titre of lipids
after the exercise (24).

3.2.13 Suborder Heteroptera,
Superfamily Ochteroidea
We have no other data to present here, except that we identified
Anaim-AKH from the published transcriptome of Gelastocoris
oculatus (Family Gelatocoridae; Table 1).

3.2.14 Suborder Heteroptera,
Superfamily Naucoroidea
The AKHs of three members of this superfamily are known:
Anaim-AKH is present in the European saucer bug Ilyocoris
cimicoides (Family Naucoridae; 22) and in the permanently
submerged water bug Apheilocheirus aestivalis (Family
Frontiers in Insect Science | www.frontiersin.org 14
Aphelocheiridae; 25), while a superfamily-specific C-terminally
elongated form of Anaim-AKH, cal led Lacsp-AKH
(pEVNFSPSWGG amide), occurs in the African saucer bug
Laccocoris spurcus (25). Homospecific in vivo bioassays in
which Naucoroidea bugs were injected with a synthetic
species-specific endogenous AKH always resulted in a
hyperlipemic not hypertrehalosemic response (22, 25).
Moreover, during physical activity of these two saucer bugs,
such as swimming for 1 h, the concentration of lipids in the
hemolymph was significantly elevated up to 2-fold (22, 25). The
experimental data, thus, indicate a lipid-dominated
energy metabolism.

3.2.15 Suborder Heteroptera,
Superfamily Notonectoidea
The AKH of three species of the same genus, Notonecta, was
characterized by mass spectrometry as the octapeptide Anaim-
AKH (26, 27). Transcriptomic information from a fourth
notonectid bug had Anaim-AKH as well (Table 1). There is
plenty of information that Notonectoidea bugs have a lipid-based
metabolism. The lipid concentration in the hemolymph of
resting N. glauca was about 5- to 7-fold higher than the
carbohydrate concentration; also, the glycogen content in the
thorax (mostly flight muscles) and abdomen (mainly fat body)
was very low and would be insufficient to sustain prolonged or
intense metabolic activity during energy-intensive locomotion,
such as flight (26). Notonecta species are known for their flight
abilities either to avoid conditions of desiccation in temporary
water bodies or to undertake dispersal flights from pond to pond
for reproductive reasons (144). Metabolites and locomotion
(flight and swimming) were studied in N. glauca (26): an hour
of rest following a 3 min uninterrupted flight episode nearly
doubled the lipid concentration in the hemolymph, indicating
that lipids were mobilized for flight and remained high during
the resting period with no muscular activity to consume the flight
fuel; a low level of carbohydrates contributed negligently to
power output. Constant swimming for 1 h similarly increased
the circulating levels of lipids significantly. Another piece of
evidence that lipid oxidation is the major form of energy
production in this species came from conspecific bioassays.
Injection of CC extracts only caused hyperlipemia and no
change of hemolymph carbohydrates. Injection of as low a
dose as 1 pmol of synthetic Anaim-AKH into resting N. glauca
was sufficient for a near doubling of the lipid titre in the
hemolymph (26).

3.2.16 Suborder Heteroptera, Superfamily Saldoidea
The transcriptome of one species of this superfamily revealed an
AKH with the structure pELTFSPSW amide, code-name Tippa-
CC-II, which had been identified by mass spectrometry in a
tipulid fly (145).

3.2.17 Suborder Heteroptera,
Superfamily Reduvioidea
As the genome of Rhodnius prolixus was being assembled and
annotated, selected access to the data allowed a prediction of an
octapeptide AKH in this key vector of Chagas disease 4 years
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before publishing the genome (28). The prediction was
confirmed when Rhopr-AKH (pELTFSTDW amide) was
sequenced from R. prolixus via mass spectrometry, along with
the AKHs from three other triatomine kissing bugs (29):
Panstrongylus megistus also produces Rhopr-AKH, while
Triatoma infestans produces a nonapeptide (Triin-AKH:
pELTFTPNWG amide) and Dipetalogaster maxima a
decapeptide (Dipma-AKH: pELTFSDGWGN amide). To date,
two of the three AKHs of the kissing bugs are unique for
Hemiptera – Triin-AKH occurs also in Lepidoptera (89).

Thirteen years after Ward et al. (123) had studied flight
metabolism of R. prolixus and T. infestans (see above 3.1),
clear evidence was obtained that lipid metabolism is important
in the triatomine bugs P. megistus, D. maxima and T. infestans
(146). Following injection of heterologous AKHs into the bugs, a
low density lipoprotein was detected in the hemolymph – exactly
as is known from the action of AKHs in locusts, where AKH
causes a reorganization of hemolymph proteins and lipoproteins
to form low-density lipoproteins (to which DAG is loaded),
increasing the lipid-carrying capacity (115, 147). Although
Ward’s investigation did not include flight as a parameter
(123), this was “remedied” 8 years later when flight in P.
megistus was investigated and it was shown that only a small
amount of carbohydrates was used during the initial flight period
and mostly lipids contributed to longer flights (148)
Furthermore, resting P. megistus specimens had only high
density lipophorin in the hemolymph, whereas low density
lipophorin was detected after flight thus, the lipophorins were
loaded with diacylglycerols made available from the fat body
under the mobilizing action of AKH.

Biological assays in which R. prolixus (5th instar larvae or
adults) were injected with synthetic Rhopr-AKH resulted in
significant lipid accumulation in the hemolymph (29, 149).
Moreover, injection of the endogenous AKHs of T. infestans
and D. maxima, respectively, also had a hyperlipemic effect (29).
Immunocytochemistry localized AKH-producing cells solely as
neurosecretory cells of the CC of R. prolixus and suggests that
AKH is released from this neurohemal organ into the
hemolymph (149). The complete cDNA of the AKH (150) and
of the AKH receptor (150, 151) of R. prolixus were cloned and
sequenced. The Rhopr-AKH gene was only expressed in the CC
of 5th instar and adults but not in the central nervous system
(150), while the receptor transcript is mainly found in fat body
and flight muscle and to some extent in the dorsal vessel (150,
151). It must also be stated here that the sequence for the R.
prolixus AKH receptor presented in the publication by Ons et al.
(152) is not correct. Clear evidence for this is also the lack of
finding a close relatedness between P. apterus and the Rhopr-
AKHR (using the sequence given in 152), whereas other insect
AKHRs are well related (153).

The involvement of the AKH signaling system in lipid
metabolism was established in R. prolixus (150, 151).
Knockdown of the Rhopr-AKHR gene resulted in either TAG
accumulation in fat body and flight muscle after starvation (151)
or an increase in the level of abdominal ventral lipid content with
a simultaneously lower lipid level in the hemolymph (150). The
Frontiers in Insect Science | www.frontiersin.org 15
latter study also showed that lipid titres in the hemolymph were
not elevated after injection of Rhopr-AKH in receptor-
knockdown insects. Alves-Bezerra et al. (151) also researched
the question how AKH signaling can affect TAG levels.
Knockdown of Rhopr-AKHR resulted in a small but significant
increase of transcripts of the enzyme acyl-CoA-binding protein1
(the enzyme that is necessary for acyl-CoA transport) and a big
decrease of transcripts for the enzyme mitochondrial-like
glycerol-3-phosphate acyltransferase; both enzymes are
required during the synthesis of TAG. Transcripts of these
enzymes were also induced by injection of Rhopr-AKH,
leading to the hypothesis that AKH signaling in R. prolixus
may be necessary for the regulation of nutrient metabolism by
changing the expression profile of target genes.

The possible role of AKH signaling in carbohydrate
metabolism in female R. prolixus was recently reported (154):
trehalose content increased in the fat body and ovaries following
a blood meal, as did the circulating levels of trehalose in the
hemolymph; this coincided with the start of vitellogenesis and a
significant increase in the transcript expression of a sugar
transporter, specifically a trehalose-facilitated transporter
(Rhopr-TRET), whereas the transcript expression of enzymes
involved in trehalose synthesis was no different to that of unfed
kissing bugs. Thus, TRET could be facilitating bidirectional
transfer of trehalose in the fed state, ie. the release of trehalose
from the fat body and the uptake by the ovaries for egg
formation. Assays using insulins and Rhopr-AKH further
showed that Rhopr-TRET was upregulated in the ovaries by
both peptide families during vitellogenesis. In the unfed
condition, Rhopr-AKH signaling might be involved in the
release of trehalose from the ovaries via Rhopr-TRET, thereby
providing a source of energy for the insect during stressful
situations such as starvation (154). Further experiments are
required to fully unravel the role of AKH in regulating
trehalose metabolism in triatomine bugs.

3.2.18 Suborder Heteroptera, Superfamily Cimicoidea
When the genome of the bedbug C. lectularius was published (75,
76), it was only a question of time until the neuropeptidome was
identified and made public (30). An octapeptide AKH with the
sequence pEITFSTGW amide was predicted and shown to exist
by mass spectrometry. This previously unnamed peptide was
also found by genome mining of the red harvester ant,
Pogonomyrmex barbatus (order Hymenoptera) (155, 156) and,
here, we code name it: Cimle-AKH. Transcriptome mining of
other members of the Cimicoidea, Orius insidious and O.
laevigatus (Family Anthocoridae), displayed a close relative to
Cimle-AKH in both bugs with a I2/L2 exchange; such a molecule
was previously known to occur in a Lepidoptera with the code-
name Dircl-AKH-II (89). Bed bugs are wingless, thus there are
no studies on metabolic regulation during any form of exercise.

3.2.19 Suborder Heteroptera, Superfamily Miroidea
The Miroidea seem to be a special case. There are quite a number
of transcriptomes known and the putative mature AKHs are
almost all different. In the western tarnished plant bug L.
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hesperus (Family Miridae) two related octapeptide AKHs occur
that differ only at position 7 (Novel 6 and 7: pELTYSPG/NW
amide, Table 1) and are unique for Hemiptera (32). Flight
experiments on a flight mill were conducted with Lygus
lineolaris (98) and Lygus lucorum (scientific name: Apolygus
lucorum, Meyer-Dür 1843) (157) with quite similar results:
young reproductive female bugs make longer (migratory)
flights and “are more likely to colonise new habitats” than any
other age or sex group investigated. When A. lucorum were
tested for 48 h continuously on the flight mill, individuals flew
roughly 70 km with a maximum of 150 km, thus, true long-
distance migratory flights. To date, unfortunately, biochemical
studies into fuel usage during flight have not been undertaken.
The tools to study hormonal regulation are now available for this
family. We present (Table 1) AKH sequences that we found from
BLAST searches of 10 Miridae representatives: apart from L.
hesperus with two novel AKHs (32), A. lucorum is the only other
species that has two AKHs, viz. Glomo-AKH and Dircl-AKH-II
which are known from Diptera (145) and Lepidoptera (89),
respectively. A further 3 species have a novel octapeptide (Novel
8: pELTYSTNW amide), while a novel extended form of Novel 8
is present as a nonapeptide (Novel 9: pELTYSTNWG amide) in
another species, and yet another species has the Novel 6 AKH
that is also present in L. hesperus (Table 1). Of the remaining 3
species, 2 produce Peram-CAH-II and 1 has a novel dipteran
AKH that we had first reported on in the family Diopsidae and in
Drosophila grimshawi (pELTFSPNW amide) (145). In
conclusion, the Miridae are a total “mixed bag” with respect to
AKH structures, and it is possible or even very likely that more
structures can be found in this superfamily, since for one reason
or another AKH evolution has flourished in this clade.

3.2.20 Suborder Heteroptera, Superfamily
Pentatomoidea
The first report on the primary sequence of an AKH in a member
of the Pentatomoidea showed an octapeptide synthesized in the
CC of the southern green stinkbug Nezara viridula (34). The
surprizing and spectacular finding was that the sequence was
identical to the well-known, conserved decapod crustacean red
pigment-concentrating hormone (RPCH), Panbo-RPCH
(pELNFSPGW amide). Thus, Panbo-RPCH is not exclusively
present in Crustacea as previously thought. Today, we know that
Panbo-RPCH occurs also in a beetle species and is the only AKH
known from the Order Plecoptera (158). Its presence in various
other species of stinkbugs of the family Pentatomidae was
confirmed (Table 1), whereas a member of the family
Acanthosomatidae had the octapeptide Schgr-AKH-II and a
family member of the Tessaratomidae had two octapeptides,
Panbo-RPCH and Schgr-AKH-II (27). A second minor AKH
(about 10% of the amount of Panbo-RPCH) was identified in N.
viridula as a post-translationally modified peptide: instead of
proline in Panbo-RPCH a hydroxyproline residue at position 6
occurs in Nezvi-AKH (35). There are a number of publications
on flight ability, flight distance of sexes at different ages,
involvement of diapause, to name a few parameters for N.
viridula (103) and also for the marmorated stinkbug
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Halyomorpha halys (101) on a flight mill. Some biochemical/
physiological parameters with respect to flight fuels and AKH
regulation are known from N. viridula and the inflated stinkbug
Encosternum delegorguei (16). In E. delegorguei the lipid
concentration in the hemolymph is 10-fold higher than the
carbohydrate concentration, in N. viridula only 2-fold. Lift-
generating flight of 3 min increased the lipid titre in E.
delegorguei slightly and even more 1 h rest post flight;
carbohydrate titre decreased upon flight and was back to pre-
flight levels one hour resting after the flight episode. Similar
results were achieved with N. viridula: here it could be shown
that longer flights (10 min) resulted in a greater accumulation of
lipids in the hemolymph than short flights of 2 min, whereas
carbohydrates were nearly diminished after 10 min of flight;
during this time glycogen phosphorylase in the fat body was
clearly activated. The amount of glycogen stored in thorax and
abdomen of N. viridula is very small compared to the stored lipid
content. On the other hand, biological assays in which the
endogenous AKH is injected into the green (34) or inflated
stinkbug (16) resulted always in hyperlipemia but not
hyperglycemia/-trehalosemia. It appears, thus, that upon flight
AKH is released, activates a phosphorylase and the small
amounts of carbohydrates stored in hemolymph and fat body
are used at the beginning of the flight and thereafter only at a low
rate, whereas a lipase activation makes use of the larger stores of
lipids. This pattern is very reminiscent of fuel usage during flight
in locusts (see 159).

Flight duration of N. viridula in relation to environmental
and biological variables were studied using tethered insects (103).
Under the non-lift flight conditions, insects could fly for longer
than 10 min. The flight duration of the bugs, which was
measured as a function of post-ecdysis age, peaked on the
eighth day and thereafter declined significantly with age. There
was no difference in flight capacity between males and females,
but flight durations were significantly different between virgin
and mated bugs at ages from six to 12 days after ecdysis, with
more virgin bugs than mated ones flying for extended periods. In
another experiment, food deprivation and withholding of a mate
increased the flight durations of males and females. Increasing
temperature (20 to 30°C), however, retarded the flight ability in
both diapausing and non-diapausing bugs, and none of the
individuals tested flew for 30 min or longer at a temperature of
30°C (103); this is quite interesting, given that N. viridula and
other stinkbug species are active in the austral summer where
temperatures are well above 20 deg C on a daily basis and that
captured bugs flew more readily at higher temperature in our
Cape Town laboratory (16). Field observations suggest that the
green stink bug may make massed migratory flights before
diapause, and it seems that females may migrate as virgins (103).

3.2.21 Suborder Heteroptera, Superfamily
Pyrrhocoroidea
The first AKH in a heteropteran Hemiptera was elucidated from
the CC of the firebug Pyrrhocoris apterus as the octapeptide
Pyrap-AKH (160). In biological assays this peptide activated
lipid mobilization and stimulated general locomotory behaviour/
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activity. Although the authors “excluded the possibility of the
presence of other peptides with adipokinetic activity” (160), two
years later they unambiguously identified a second octapeptide
with lipid-mobilizing activity in P. apterus from its CC - the well-
known peptide Peram-CAH-II (Table 1) from blattid
cockroaches (21), which differs from Pyrap-AKH only at
position 3 by a T/N exchange (161). Investigations into which
lipid species were mobilized by each of the two firebug AKHs,
using HPLC and MS, demonstrated that DAGs are selectively
mobilized from the fat body into the hemolymph: 4 DAGs
consisting mostly of C16 and unsaturated C18 fatty acids were
observed and the relative levels of 3 these DAGs were
significantly different following the specific action of either
Pyrap-AKH or Peram-CAH-II, thereby suggesting that a
particular AKH mobilizes a particular fatty acid (162). The
reason for this preferential mobilization is not clear but it was
previously observed in the locust L. migratoria (163).

Since the firebug is easy to rear in the laboratory and had been a
“convenient experimental model” for years (160), Kodrik and co-
workers examined the theme “AKH and Pyrrhocoris” since two
decades under various scientific aspects. First, an enzyme-linked
immunoassay (ELISA) was developed to measure the amount of
AKHs in various parts of the nervous system and in circulation
(164), and this tool could be used to address various questions about
AKH release dynamics, lipid metabolism and interaction with
harmful molecules and parasites (e.g. pesticides), and metabolic
differences between long-winged and short-winged morphs. The
specificity of the AKH ELISA in P. apterus was obtained with a
primary antibody that specifically interacted with the four C-
terminal amino acids of the two endogenous peptides, i.e. TPNW
amide. Appreciable amounts of AKH were only found by ELISA in
the CCs, about 4 pmol per pair. For titre determination in the
hemolymph pre-purification steps were necessary, making this
method tedious, cumbersome and not user friendly for the
general scientific community. Nevertheless it was used by
the ELISA developer and about 1 fmol AKH/µl was measured in
the hemolymph of quiescent reproductive female linden bugs (164).
Tissue immunocytochemistry with the same primary antibody that
was used in the AKH ELISAs revealed strong cellular staining in the
CCs, along with faint staining in a few cells and axons in the brain
(165). Although P. apterus adults are flightless, they display wing-
polymorphism, i.e. macropterous (long-winged) and brachypterous
(short-winged) forms occur; the highest locomotory activity
(walking) was observed in macropterous morphs and they
displayed a greater adipokinetic response than their brachypterous
counterparts. This then raised the question whether/how AKH
content in brain/CC and titre in the hemolymph was changing in
the different morphs during development and over a 24 h daily cycle
(165). In general, the AKH content in the central nervous system
(CNS) increased slightly during development up to 14 days of adult
life and macropterous females always displayed the significantly
highest amount of AKH with about 4 pmol/CNS; the titre in the
hemolymph was mostly below the detection limit of the ELISA but
when detectable, mostly macropterous females had measurable
titres of about 1.2 fmol/µl. Thus, the increased locomotion and
dispersal of macropterous bugs are positively correlated with
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released AKH and more intensive mobilization of lipids.
Variation of the AKH content in the CNS and hemolymph of 10
days old macropterous females were also monitored during a 24 h
period under long day conditions (18h L:6h D) where the
scotophase was set from 1 h to 7 h. Diel changes in AKH
concentration in the CNS (synthesis and storage site) were
recorded and this differed with the diel changes monitored in
circulation (released AKH): AKH concentration in the CNS
peaked at 17 h and was lowest towards the end of the photophase
around 21 h, whereas the AKH titre in the hemolymph was low to
undetectable around the end of scotophase/beginning of light phase
and highest (almost 4 pmol/µl) from 14 h to 24 h, thus the later part
of the light phase. There was no correlation between endogenous
circulating AKH levels and an adipokinetic response after injection
of 10 pmol of a synthetic AKH (161), but this absence of an
enhanced response is not entirely unexpected since the AKHR is
sensitive to small amounts of AKH and 10 pmol had functioned
maximally in P. apterus in this study. AKH titre was also increased
in the hemolymph of macropterous and reproductive
brachypterous firebugs when insects were stressed by various
factors: 20 min of forced running activity by shaking, introducing
insects for 20 min to a dark environment during light phase and
applying various doses of the insecticide permethrin (166). When
permethrin was co-injected with (a high dose of) the endogenous
Pyrap-AKH, the mortality of P. apterus increased about 2.3-fold
above injection with the insecticide alone, thus the AKH enhanced
the effect of the insecticide (167). This enhancement effect could be
explained by measuring CO2 production as indicator of the
metabolic rate in treated bugs: the insecticide treatment alone
increased the AKH titre significantly, with the expected effect of
elevating the metabolic rate. Not unsurprizingly, the effect of
exogenous AKH in tandem with the insecticide clearly raised CO2

production above the level measured in bugs treated only with
insecticide, which led to the conclusion that the increased
metabolism allowed rapid penetration and uptake of the
insecticide into cells resulting in the observed mortality rate after
dual treatment (167).

The AKH genes of P. apterus were cloned - the deduced AKH
precursors are quite similar (168). In situ hybridization and
quantitative reverse transcription PCR localized AKH expression
(both AKHs) not only in the CC but also in the brain. A Blast-P
search of the transcriptome of P. apterus and alignment with
known AKH receptors was used to identify the firebug AKH
receptor sequence which was then confirmed by PCR and
sequencing (153). These authors made use of AKHR
knockdown to show that AKH signaling played an enhancing
role to induce mortality when firebugs were infected with the
entomopathogenic nematode Steinernema carpocapsae, very
likely via a similar mode of action as observed when
exogenous AKH was applied together with an insecticide, viz.
that the increase in metabolism brought on by AKH effectively
amplifies the activity of the nematodal toxins with rapid
exchange of metabolites.

AKHs were elucidated from a further 3 Pyrrhocoridae species
(Table 1), all of them containing only one AKH, viz. Pyrap-
AKH (27).
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3.2.22 Suborder Heteroptera, Superfamily Coreoidea
In three species of the family Coreidae and one from the family
Stenocephalidae the octapeptide Schgr-AKH-II (pELNFSTGW
amide; Table 1) was found present (27, 37). This AKH was first
discovered in the desert locust Schistocerca gregaria and is also
present in many caeliferan and ensiferan Orthoptera, as well as in
Hymenoptera (21). The species Holopterna alata has a second
AKHwhich occurs in about 10% the amount of Schgr-AKH-II. It
is a post-translationally modified form of Schgr-AKH-II where
the T6 residue is sulphated (38). This twig wilter was examined
more thoroughly and the following physiological account
emerged (37): TAG lipase in the abdominal fat body has a 7-
fold higher activity than the enzyme in the flight muscle and it is
activated significantly by low doses of the endogenous Schgr-
AKH-II, whereas the flight muscle enzyme is not activated.
Lipids had a higher concentration not only in the hemolymph
but also in the thorax and abdomen. Upon flight, when AKH is
supposedly released from the CC, the small amounts of
carbohydrates present in the hemolymph and thorax
(glycogen) are significantly diminished after a short flight of 3
min and TAGs are utilized in the thorax and abdomen, while
DAGs increase as the only lipid class in the hemolymph in the
resting period after flight. These data are convincing to attribute
AKH-regulated fat metabolism to this species.

3.2.23 Suborder Heteroptera,
Superfamily Lygaeoidea
Two species of the family Lygaeidae have been investigated for
their AKHs and both, the large (Oncopeltus fasciatus) and small
(Lygaeus kalmii) milkweed bug have the octapeptide Tenmo-
HrTH (pELNFSPNW amide) (39; Gäde G, Šimek P, Marco HG
unpublished). This peptide was first identified in Tenebrio
molitor and is present in most members of the superfamily
Tenebrionoidea but also occurs in the family Polyphaginae of
cockroaches (21, 131). All experimental evidence on O. fasciatus
indicates a lipid-based metabolism: the concentration of lipids in
the hemolymph is about 10-fold higher than the titre of
carbohydrates; the abdominal fat body of females contain 6 mg
of lipids but only a minute amount of glycogen (less than 40 µg);
injection of physiological amounts of synthetic Tenmo-HrTH
had a pronounced adipokinetic effect on hemolymph lipids;
tethered flight of both sexes of the milkweed bug resulted in a
30 to 60% increase of hemolymph lipids (39).

3.3 Hemipteran AKHs: A Mixture of Known
and Novel Structures
We were able to identify AKHs from 191 species by literature
searches, bioinformatics (searching genomic/transcriptomic
databases) and mass spectrometry. In total 42 different AKHs
have been characterized by primary structure fromHemiptera. Of
these, 28 are octapeptides, 2 nonapeptides and 12 decapeptides.
20 sequences are known to occur in other orders, as well and the
remaining 22 sequences, including the post-translationally
modified peptides with hydroxyproline, sulphated threonine or
a putative cis-trans proline modification, are to date unique to the
order Hemiptera. Nine of those are novel AKHs, meaning they
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have never been reported to occur in any insect: 4 octapeptides, 1
nonapeptide and 4 decapeptides. A comparison with two other
species-rich orders, albeit from the holometabolous insects,
Diptera and Lepidoptera, is quite revealing (89, 145): first, far
fewer species have been analyzed for AKHs as at two years ago
(100 Diptera and 77 Lepidoptera); second, these two orders have
rather order-specific AKHs, meaning that only 2 out of 14
(Diptera) or 1 out of 17 (Lepidoptera) of the sequences occur
in another order; third, whereas Diptera contain almost
exclusively octapeptides (only one decapeptide), Lepidoptera
produce 5 octa-, 4 nona- and 8 decapeptides.

On the other hand, what is remarkable is that especially in the
basal hemipteran families we have a superfamily specificity of
AKHs: i.e. ALL to date investigated whiteflies have Galyu-AKH;
all psyllids have Olisa-AKH, all aphids have Acypi-AKH, and all
Coccoidea have novel AKH 1 (or 2 which is only a S/T
exchange). Is there a possible explanation for this distribution
pattern in the various orders? One can only speculate, of course.
It appears , that the Hemiptera being an advanced
hemimetabolous clade could “incorporate” a high number of
the AKHs that had evolved before in more basal orders including
Polyneoptera, whereas in the holometabolous orders a second
wave of “AKH evolution” started resulting in novel and mostly
order-specific AKHs.

3.4 Attempt of a Molecular Evolution of
Hemipteran AKHs
As outlined previously (89), one is always in a conundrum to
decide on a putative ancestral AKH for this type of speculation.
For the current study, we have selected the octapeptide Galyu-
AKH, the AKH found in the two whitefly species (Table 1), which
occurs in the phylogenetically most basal superfamily of the
Hemiptera, the Aleyrodoidea. In so doing we may have a
chance to discuss the speculative AKH phylogeny tree
(constructed purely from molecular evolution of mature AKH
sequences; Figure 2) with the existing phylogenetic knowledge of
the Hemiptera (3; Figure 1). As depicted in Figure 2 it is entirely
possible to build such a tree for the possible molecular evolution
of the AKHs of Hemiptera from encountered sequences in this
order; there is no need for introducing hypothetical peptides but
elongation events from octa- to nona- and decapeptides must
have occurred. The question if this hypothetical scheme has
anything to do with the reality, will be answered by future studies.

Looking at Figure 2 purely from a phylogenetic point of view,
it is interesting and pleasing to see that the majority of the AKHs
known from the basal suborders, Sternorryncha and
Auchenorrhyncha, are directly related to Galyu-AKH (viz.
Acypi-AKH, Peram-CAH-I, Olisa-AKH, Anaim-AKH, Manto-
CC) or have evolved from the “second row” of peptides. There
are, of course, always exceptions to the rule: the heteropteran
peptides Letin-AKH, Panbo-RPCH and Grybi-AKH are not at
expected positions in the scheme (Figure 2) - or probably, we
will find that these peptides also occur in basal clades once we
have even more data. In general, however, it can be stated that
molecular and phylogenetic evolution can be reconciled to a
certain extent in the case of hemipteran AKHs.
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3.5 Possible Lessons With Respect to
Green Insecticides and Hemipteran AKHs
The rationale of “green insecticides” in integrated pest
management is to use information about endogenous
hormones of pest insects to make peptide mimetics that will
act against the pest insects to alter their behaviour or physiology,
while taking care not to harm beneficial insects, other organisms
in the food chain, or the environment (111). Such “green”
insecticides are designed, thus, on the basis of ligand–receptor
interaction to have finally a mimetic at hand that is harmful only
to pest insects. For this concept to work, one has to first identify
the ligands and receptors in pest and beneficial insects, and
secondly show specificity of action of natural ligands and
mimetics, as well as demonstrate degradable and non-
damaging effects on the environment.

In the current paper we review AKHs from the order
Hemiptera. The most harmful hemipterans on an economic
scale are aphids (Hemiptera: Sternorrhyncha: Aphidoidea).
There are, additionally, several other hemipteran species that
are pest insects. Can the current study with 42 AKH sequences
from 191 hemipteran species provide any useful pointers on the
potential of the “green” insecticide concept for Hemiptera
AKHs? We see that there are 22 unique AKH peptide
sequences, i.e. over 50% of the known hemipteran AKHs are
only present in this order. Moreover, there seems to be some
specificity at the superfamily level. It should be cautioned,
though, that the sequences we obtained via bioinformatic
searches in the present study have not yet been substantiated
by mass spectrometry or peptide chemistry . This ,
notwithstanding, the number of unique sequences holds great
theoretical potential to find a specific lead around which a
mimetic could be designed with order-specificity. However, not
all of the Hemiptera are deemed pests, and many are essential
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components in fragile ecosystems, such as the aquatic bugs. It
would be imperative, therefore, to not only show group-
specificity but also species-specificity of an AKH lead. For this,
in vivo biological data is largely lacking in which the different
AKHs have been tested in bug species, as for example done in
Lepidoptera (89). Since many of the hemipteran pest insects are
very small, conclusive evaluation at the receptor binding level
will have to be performed to ascertain whether specificity is
possible by using the various superfamily-specific bug AKHs as
ligand for expressed pest insect receptors. This underscores the
need for nucleic acid sequences of hemipteran AKH receptors.

We tested the AKHR of the pea aphid in in vitro assays with 4
of the hemipteran AKHs that co-occur in other insect orders, viz.
Glomo-AKH, Schgr-AKH-II, Grybi-AKH and Peram-CAH-I, as
well as with the endogenous Aphidoidea-specific AKH, i.e.
Acypi-AKH, and found that the aphid AKHR readily accepted
all of the AKHs bar one in the nanomolar range: activation with
Schgr-AKH-II was only about 50% (169). On the other hand,
Acypi-AKH did not bind to the AKHR of the honeybee, the
vinegar fly, the yellow fever mosquito and the red flour beetle,
and activated the desert locust AKHR and the pine weevil AKHR
by only 30% (169). This demonstrates subtle activation
differences of AKHRs, giving hope that specificity for aphids
and other hemipteran pests may be established on a case-by-
case basis.
4 CONCLUSIONS

We do know quite a bit about the most important regulator of
lipid and carbohydrate metabolism, the AKHs, in Hemiptera. In
future, even more sequences will be revealed because of the
information assembled from whole genomes and from
A B

FIGURE 2 | Hypothetical molecular evolution of adipokinetic peptides in Hemiptera. Galyu-AKH is assumed as ancestral peptide for this order: 5 AKHs can be directly
derived from Galyu-AKH and via point mutations and elongation, the remaining 36 hemipteran AKHs can be derived. Due to space constraints, the figure is split into
two panels (A, B). The amino acid substitution or elongation in each peptide is indicated in a larger font than in the peptide from which it is hypothetically derived.
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transcriptomes. Sequence information not only of the hormone
but also its receptor is crucial, to have molecular information of
the complete signalling system accessible for experimentation.
This may be advantageous to investigate the usage of the AKH
signalling system for purposes of designing next generation
insecticides, especially for those insects that have agricultural,
or horticulture or medical pest status as harmful herbivores or as
vectors for all sorts of devastating microorganisms. In addition,
one should encourage further physiological experiments in
which AKH is upregulated, over-expressed or simply
exogenously added in conjunction with other introduced
deleterious factors (e.g. toxins from bacteria and fungi, or
commercial pesticides), to assess how effectively we can exploit
the natural metabolic actions of AKH to effect mortality in
targeted, economically important hemipteran insects.

Not all of the Infraorders and superfamilies of Hemiptera are
represented in our survey as we could not find any species of
litter bugs (Dipsocoromorpha), unique-headed bugs
(Enicocephalomorpha), semi-aquatic bugs (Gerromorpha:
Mesoveloidea and Hydrometroidea), damsel bugs and flat bugs
(Heteroptera: Naboidea and Aradoidea) to investigate ourselves,
nor could we find any AKH sequences from these groups in
publicly accessible databases. This is a gap that needs filling in the
future to have a complete overview of the entire order. What is
clear from our survey is that AKHs play a metabolic role in every
species which has been studied in a bit of detail. When
locomotory activity such as flight or swimming is involved,
AKHs are surely responsible for the extra amount of ATP
necessary to power the contracting muscles, by making lipids
and finally, fatty acids available for oxidation. Since migratory
dispersal flights are crucial for most pest insects, it seems to be a
rewarding target to study the AKH signalling system further.
This should extend also to flightless bug species and in bugs that
Frontiers in Insect Science | www.frontiersin.org 20
are too small to handle in classic physiological experiments, as
one could approach functional aspects via a molecular biology
route. Information on unique primary structures is helpful in
this regard.
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Molecular characterization, tissue distribution, and ultrastructural
localization of adipokinetic hormones in the CNS of the firebug
Pyrrhocoris apterus (Heteroptera, Insecta). Gen Comp Endocrinol (2015)
210:1–11. doi: 10.1016/j.ygcen.2014.10.014

169. Marchal E, Schellens S, Monjon E, Bruyninckx E, Marco HG, Gäde G, et al.
Analysis of peptide ligand specificity of different insect adipokinetic
hormone receptors. Int J Mol Sci (2018) 19:542. doi: 10.3390/ijms19020542

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Gäde and Marco. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
June 2022 | Volume 2 | Article 891615

https://doi.org/10.1002/jmor.10070
https://doi.org/10.1111/j.1365-2311.1990.tb00824.x
https://doi.org/10.1016/0305-0491(75)90037-1
https://doi.org/10.1111/j.1365-2427.2006.01576.x
https://doi.org/10.3389/fendo.2020.00153
https://doi.org/10.1016/0300-9629(95)00077-K
https://doi.org/10.2307/1541936
https://doi.org/10.1590/S0074-02762003000700009
https://doi.org/10.1590/S0074-02762003000700009
https://doi.org/10.1016/j.ygcen.2013.10.012
https://doi.org/10.1111/imb.12157
https://doi.org/10.1016/j.ibmb.2015.06.013
https://doi.org/10.1016/j.ibmb.2015.05.003
https://doi.org/10.1016/j.jinsphys.2017.02.009
https://doi.org/10.3389/fphys.2021.624165
https://doi.org/10.1073/pnas.1007901108
https://doi.org/10.1016/j.peptides.2012.02.019
https://doi.org/10.1093/ee/36.5.1007
https://doi.org/10.1093/ee/36.5.1007
https://doi.org/10.1016/j.ygcen.2015.02.011
https://doi.org/10.1016/S0065-2806(08)60218-0
https://doi.org/10.1016/S0965-1748(00)00025-4
https://doi.org/10.1016/S0196-9781(01)00627-1
https://doi.org/10.1016/S0196-9781(01)00627-1
https://doi.org/10.14411/eje.2010.058
https://doi.org/10.1016/j.cbpb.2010.01.015
https://doi.org/10.1016/S0022-1910(02)00203-2
https://doi.org/10.1016/S0022-1910(02)00245-7
https://doi.org/10.1002/ps.1087
https://doi.org/10.1002/ps.1894
https://doi.org/10.1016/j.ygcen.2014.10.014
https://doi.org/10.3390/ijms19020542
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/insect-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/insect-science#articles

	The Adipokinetic Peptides of Hemiptera: Structure, Function, and Evolutionary Trends
	1 Introduction: Scope and Intent of this Review
	2 The Main Players
	2.1 The Order Hemiptera and the Chief Pests Therein
	2.2 The Adipokinetic Hormone Peptide Family

	3 Structural and Functional Survey of Hemipteran AKHs
	3.1 AKH-Regulated Metabolism in Hemiptera: The Beginnings
	3.2 The Hemipteran AKHs: A Phylogenetic Context
	3.2.1 Suborder Sternorrhyncha, Superfamily Aleyrodoidea
	3.2.2 Suborder Sternorrhyncha, Superfamily Psylloidea
	3.2.3 Suborder Sternorrhyncha, Superfamily Aphidoidea
	3.2.4 Suborder Sternorrhyncha, Superfamily Coccoidea
	3.2.5 Suborder Coleorrhyncha
	3.2.6 Suborder Auchenorrhyncha, Superfamily Fulgoroidea
	3.2.7 Suborder Auchenorrhyncha, Superfamily Cicadoidea
	3.2.8 Suborder Auchenorrhyncha, Superfamily Cercopoidea
	3.2.9 Suborder Auchenorrhyncha, Superfamily Membracoidea
	3.2.10 Suborder Heteroptera, Superfamily Gerroidea
	3.2.11 Suborder Heteroptera, Superfamily Corixoidea
	3.2.12 Suborder Heteroptera, Superfamily Nepoidea
	3.2.13 Suborder Heteroptera, Superfamily Ochteroidea
	3.2.14 Suborder Heteroptera, Superfamily Naucoroidea
	3.2.15 Suborder Heteroptera, Superfamily Notonectoidea
	3.2.16 Suborder Heteroptera, Superfamily Saldoidea
	3.2.17 Suborder Heteroptera, Superfamily Reduvioidea
	3.2.18 Suborder Heteroptera, Superfamily Cimicoidea
	3.2.19 Suborder Heteroptera, Superfamily Miroidea
	3.2.20 Suborder Heteroptera, Superfamily Pentatomoidea
	3.2.21 Suborder Heteroptera, Superfamily Pyrrhocoroidea
	3.2.22 Suborder Heteroptera, Superfamily Coreoidea
	3.2.23 Suborder Heteroptera, Superfamily Lygaeoidea

	3.3 Hemipteran AKHs: A Mixture of Known and Novel Structures
	3.4 Attempt of a Molecular Evolution of Hemipteran AKHs
	3.5 Possible Lessons With Respect to Green Insecticides and Hemipteran AKHs

	4 Conclusions
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


