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The role of adaptation and co-opted traits in animal evolution 

An important goal of evolution studies is to understand the process by which the current 

biodiversity has arisen and how species evolve during this process. It is often argued that 

species diversity is associated with the continuous growth of trait complexity in species 

evolution. This theory foundation was laid by J.B. Lamarck (1801), C.R. Darwin (1859) and 

other scientists in the 19
th

 century. In 1835, Darwin’s crew of the ship the Beagle arrived at 

the Galapagos archipelago where they collected samples of plants and animals. After 

returning to London, Darwin noted that he had thirteen kinds of very similar sparrow, species 

of Geospizinae, from different islands which varied in size and shape of the beak. In his 

diary, popularly known as the book with the title The Voyage of the Beagle, he wrote in an 

amazed way: "It seems to people that from the originally small numbers of birds on this 

archipelago somebody chose a single species and adapted it for different purposes". Darwin 

described here almost exactly the principle of an evolutionary process called adaptive 

radiation, which is considered the precursor to the emergence of new species with the key 

components, adaptations to local conditions.  

Many complex structures in living organisms evolve as an immediately useful adaptation to 

one purpose, while some features could additionally gain important functions/adaptation in 

the later process of species’ evolution; it means they can be secondarily adaptive. For 

instance, if we observe the presence of a highly complex structure in an organism, which 

random occurrence is highly unlikely, we usually tend to explain their origin by natural 

selection and we seek their biological function. Even when we find that the structure is 

advantageous for the organism, it does not automatically mean that it has been evolved by the 

assumed selective pressure. In many cases, it may be co-opted, and in other cases it is not 

related to the natural selection at all (Grantham, 2004). A co-opted trait is a characteristic of 

an organism that enhances its fitness in its present role but did not evolve for that specific 

role by natural selection (Gould and Vrba, 1982; McLennan, 2008). Actually, the emergence 

of many adaptive traits by natural selection was not a direct process. Many biological 

structures or patterns of behavior have arisen as a result of other selection pressures than 

those inferred from their current biological function, and in some cases the origin of the 



 

3 

adaptive structures was not done by selective pressure (Gould and Vrba, 1982; McLennan, 

2008). 

For instance, insect wings have probably originated from structures that originally served the 

process of breathing or thermoregulation (May, 1979). Therefore, insect wings originated and 

were formed for a long time by the selection pressures resulting from their original function. 

Similarly, bird wings were formed and for a long time evolved as a thermoregulation organ of 

some reptile groups, and only after reaching a certain developmental stage it could begin to 

perform its aerodynamic function and its further evolution could begin to be influenced by 

the selection pressures resulting from the wing function during flight (May, 1979). Another 

example of a co-opted trait is the exoskeletons of aquatic insects. In the aquatic environment, 

the exoskeleton was mainly used for the attachment of muscles, while terrestrial insect use 

the exoskeleton for survival on land as it is necessary to protect itself from desiccation 

(Zrzavý and Řičánková, 2004). So besides its primary function, the exoskeleton can also be 

considered as a preadaptation for life outside the aquatic environment (Zrzavý and 

Řičánková, 2004). The importance of pre-adaptation or co-opted trait lies in the fact that it 

allows evolution to proceed more quickly and in specific direction. It is not necessary to 

select countless new structures for each change of environment since in some cases it is 

possible to use structures that already exist and what is sufficient also in terms of a new 

function (Flegr, 1998; Zrzavý and Řičánková, 2004). Therefore, when we are studying the 

evolution of any biological structure, it is always necessary to think about co-option of some 

traits. It is important to consider not only the present biological function, but also the 

functions with which this structure would influence the processes of its evolutionary shaping.  

So, traits can be directly selected for or are co-opted. Once a lineage becomes fixed for a 

certain trait, descendants of that lineage will all have the derived trait unless there is a 

subsequent evolutionary change in that trait. This change in trait expression might result in 

the contrast of a trait to the ancestral trait or it might lead to completely loss of this trait 

(Baum, 2008). The loss of a trait can bring harmful consequences for species evolution if trait 

loss has fitness consequences and this essential trait is not regained or its function is not 

compensated for by environmental factors or a biological partner (Ellers et al., 2012; Visser 

et al., 2010). For instance, the loss of biosynthesis of vitamins belonging to B group in human 
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is compensated by their dietary intake from human environment (Kennedy, 2016). Thus, 

ecological interactions were recently found to play a critical role in fuelling the loss of 

essential traits, i.e. compensated trait loss (Ellers et al., 2012; Visser et al., 2010). Here, an 

essential function or resource is provided by the environment and/or by a biological partner, 

rendering the trait in the receiving organism either redundant or too costly to maintain, 

ensuing trait loss. When the ecological partner or interaction is absent, however, the 

functional requirement for the trait remains; hence fitness is negatively affected in absence of 

the ecological partner or interaction (Six, 2013).  

In some cases, coevolution of two species is so tight that a specific adaptation is made to 

sustain the coexistence of both partners. In many symbiotic species, it is evident that none of 

the species could be present in nature without the existence of appropriate anatomical, 

physiological or behavioural features of its symbiotic partner (Six, 2013). For instance, there 

is a three-sided symbiosis in the ant genus Atta, involving a fungus and bacteria. The ant has 

a partner in the form of a symbiotic fungus from the genus Leucocoprinus, which produces a 

leaf substrate as food for the ant‘s, and second partner in the symbiotic bacteria from the 

genus Streptomyces, which prevents the destruction of the leaf substrate by parasitic fungi of 

the genus Escovolopsis (Currie et al., 1998). The importance of ecological interactions for 

trait loss can be also seen in many insect species that rely on some dietary resources from 

their endosymbionts or environmental compensation (Douglas, 1998; Visser et al., 2010). For 

example, Blewett and Fraenkel (1944) showed that the yeast-like symbionts of two beetles, 

Stegobium paniceum and Lasioderma serricorne supply vitamins of the B group to their 

insect hosts, while a gram negative cell-wall bacteria, Buchnera sp. provides its aphid host 

with essential amino acids (Douglas, 1998). The compensation of the function of an essential 

trait by the species‘ environment can be seen in parasitic wasps which have lost lipid 

synthesis as evolutionary consequences of their parasitic lifestyle but compensate the ability 

to synthesize lipids through their host consumption (Visser et al., 2010). Therefore, having an 

ecological partner or even environmental compensation is important in species evolution 

when the loss of a trait occurred (De Meester, 1996; Franklin and Frankham, 1998). 

Comparative work done over the last decade suggests, however, that phenotypic evolution 

need to be constrained following trait loss. For example, evolutionary losses of sexual 

reproduction and the regaining of sexual reproduction from parthenogenesis have been 
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described in plants, as well as oribatid mites (Chapman et al., 2003; Domes et al., 2007). 

Similarly, researchers have shown loss and subsequent regain of flight through the absence 

and regaining of wings in stick insects (Whiting et al., 2003). Studying evolutionary history 

of trait‘s reversals in species have now been demonstrated for numerous distinct traits and 

taxa, directly contradicting the long-held view that evolution is irreversible (also known as 

Dollo‘s law) (Visser et al., 2010; Oakely and Cunningham, 2002; Cruickshank, 2006; Wiens 

et al., 2001).  

Therefore, species traits are not only explicable as the result of current direct selection 

pressures but also the result of evolutionary history which should be considered for better 

understanding of a trait distributions across species. The process of lipid biosynthesis is a 

perfect model for studying evolutionary trait change, since many gains and losses have 

occurred during lipids evolution in animals, particularly invertebrates (Visser et al., 2010; 

Malcicka et al., 2018). 

Chemical composition and biological roles of insect lipids  

Lipids comprise a heterogeneous group of naturally occurring molecules including fats, oils, 

waxes, sterols, fat-soluble vitamins, mono-di-tri-glycerides, phospholipids and other related 

compounds. In insects they play several crucial roles. For instance, lipids are used as 

chemical messengers to send information between organelles and to other cells and as 

pheromones to communicate between insects. Triacylglycerols provide a source of energy 

and form the structural components of cells. Eicosanoids are important fatty acids for all 

insects and are used as membrane lipids and for the formation of arachidonic, 

eicosapentaenoic and docosahexaenoic acids which mediate specific cell functions (including 

phagocytosis, micro-aggregation, nodulation, haemocyte migration), connect innate and 

adaptive immunity and have a significant part in insect immune responses to bacterial, fungal 

and viral infections and egg-laying behavior (Stanley-Samuelson et al., 1991; Harizi and 

Gualde, 2005; Stanley, 2006; Stanley et al., 2012; Büyükgüzel, 2012; Park et al., 2012). 

Furthermore, hydrocarbons serve as essential anti-desiccation functions and also play a role 

in chemical communication (Ginzel and Blomquist, 2017).  

According to a commonly used classification scheme (Bloor, 1943), lipids can be divided 

into three main groups: simple lipids, compound lipids and derived lipids. The simple lipids 

https://en.wikipedia.org/wiki/Vitamin
https://en.wikipedia.org/wiki/Monoglyceride
https://en.wikipedia.org/wiki/Phospholipid
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consist primarily of fats and waxes. Triacylglycerols (TAGs) are the most plentiful fats in the 

body and constitute the major storage of fat in cells. TAGs lipase is presumably the first 

enzyme involved in the mobilization of lipids from the insect fat body (Arrese and Wells, 

1994). Waxes, especially hydrocarbons, are present on the surface of the cuticle of all 

terrestrial insects where they assist against desiccation (Ginzel and Blomquist, 2016). 

Compound lipids consist of three types; phospholipids, glycolipids and lipoproteins. The 

primary location of phospholipids (PL) in insects is in the cell membranes of tissues where 

they ensure an adaptation to cold environments (Kostal and Simek, 1998), while glycolipids 

have primary a role in insect immunity (Wiegandt, 1992). The last group comprise the 

compound lipoproteins. In insect these compound lipids are present as lipophorins. They 

facilitate the fat absorption across the insect gut (Chino and Downer, 1979) and the 

transportation of hydrocarbons and cholesterol (Chino and Gilbert, 1971; Chino et al., 1981). 

Probably the best known and most studied lipids are derived lipids which can be split into 

three groups; steroids, hydrocarbons and fatty acids. Steroids provide insect with defensive 

secretions and the most studied steroids, ecdysteroids, have an important function in insect 

moulting or production of sex pheromones (Stanley-Samuelson et al., 1988; Reilly and 

Miller, 1989; Blomquist and Vogt, 2003; Prestwich and Blomquist, 2014). Hydrocarbons are 

epicuticular components on the outside of insect cuticula, where they act, among other 

functions, as a protection against desiccation (reviewed in Ginzel and Blomquist, 2017). Fatty 

acids (FAs) have plenty of important functions in insect physiology and, therefore, they are 

among the most studied lipids in this regards (Barlow, 1964; Stanley-Samuelson and Dadd, 

1983; Stanley-Samuelson et al., 1988; Blomquist et al., 1991; Baer et al., 2001; Brandstetter 

and Ruther, 2016; Paul et al., 2017).  

Evolution of insect lipids 

Although the majority of FAs can be synthesized de novo, linoleic (LA 18:2) and alpha-

linolenic (ALA 18:3) acids belong to two essential FAs for which almost all animals have a 

dietary requirement (Weers and Gulati, 1997). LA and ALA also serve as the main substrate 

for the synthesis of other, longer chained poly unsaturated fatty acids or PUFAs, like 

arachidonic and eicosapentaenoic acids, respectively (Stanley-Samuelson et al., 1998) which 

subsequently form eicosanoids. LA and ALA are also involved in egg-laying behavior or as a 
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component of insect defensive secretions (Destephano and Brady, 1977; Stanley 2014) and 

both play a pivotal role in cell physiology, signalling and reproduction (Belury, 2002; Brown 

et al., 2004; El-Yassimi et al., 2008; De Veth et al., 2009). Furthermore, LA has been 

identified as a critical component of sex pheromones produced by one or both mating 

partners in many insect species, particularly in Lepidoptera and Diptera, but also in some 

species of Coleoptera and even in mites as alarm and sex pheromones (Blomquist et al., 

1987; Rule and Roelofs, 1989; Blaul et al., 2014; Shimizu et al., 2014; Rong et al., 2014). 

Linoleic acid 

The synthesis of LA is considered a crucial step in synthesizing PUFAs since a second 

double bond is incorporated in oleic acid (OA 18:1) which changes monosaturated FAs into 

polyunsaturated FAs. This biosynthesis step was thought to be restricted to bacteria, Protozoa 

and plants (de Renobales et al., 1986). Contrary to these assumptions, Louloudes et al., 

(1961) was one of the first who showed that the American cockroach, Periplaneta 

americana, was able to synthesize LA de novo. Since that time, a growing number of studies 

on LA has confirmed that LA can be synthesized by a range of different insects (de 

Renobales et al., 1986; Cripps et al., 1986; Aboshi et al., 2013; Shimizu et al., 2014) and 

other invertebrates, including nematodes, and pulmonate (Weinert et al., 1993; Wallis et al., 

2002; and reference here).  

Whilst 25 arthropod species were found capable of synthesizing LA, for only very few of 

these species the desaturase gene or enzyme that place a second double bond between in a 

mono-unsaturated fatty acid leading to the formation of LA has so far been identified and 

functionally tested. LA is synthesized from oleic acid (OA18:1) by the activity of a ∆12 

desaturase, using oleic acid as a substrate. Until now, genes encoding a ∆12 desaturase have 

only been identified in the house cricket (Acheta domestica) and the red flour beetle 

(Tribolium castaneum) (Zhou et al., 2008). To increase our understanding about the current 

distribution of LA synthesis across species, we need to look at potential driving forces and 

selection pressures behind this trait which might be determined by evolutionary history or co-

option for other functions. 
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Biosynthesis of LA – driving forces, selections, utilization and acquisition 

There are several alternative, non-mutually exclusive hypotheses for explaining the evolution 

of LA synthesis in invertebrates. Since LA is an essential FA which must be obtained via 

food, diet composition has been proposed as a key ecological factor that could affect LA 

synthesis (Cripps et al., 1986; Malcicka et al., 2017b; 2018). The evolution of loss of LA 

synthesis across the insect phylogenetic tree could indeed have resulted from environmental 

compensation. A scenario under which the common ancestor of basal hexapods fed on a diet 

rich in LA (i.e. herbivores/omnivores) could have fuelled the evolutionary loss of LA 

synthetic ability, as the trait would have become redundant. Conversely, LA may be required 

by species that feed on a diet containing little or no LA (carnivores, fungivores), leading to a 

regain of LA synthetic ability in these lineages (Stanley-Samuelson et al., 1991). Therefore, 

dietary compensation may play a role in the evolution of LA synthesis.  

Functional requirements for LA can be highly species-specific and thus we need sufficient 

information on dietary fatty acid profiles for each species. Some species, such as those 

regularly exposed to stressful environmental conditions, may require much higher amounts of 

LA compared to even closely related species that inhabit more hospitable environments 

(Gostinčar et al., 2009). For instance, the adaptive respond to lower temperature was shown 

in a simple animal as Acanthamoeba, which produces higher amount of LA as a respond to 

lower temperature (Gostinčar et al., 2009). The same might be true for species that need a 

high amount of LA for the production of sex pheromones since LA has been identified as a 

critical component of sex pheromones produced by one or both mating partners in many 

insect species (Blomquist et al., 1987; Shimizu et al., 2014; Rong et al., 2014). Furthermore, 

other species may require more LA to perform in egg-laying behaviour, innate immune 

reactions to infections (viral, bacterial, and fungal), or in the performance and survival of 

immature stages (Stanley, 2006; Park et al., 2012; Blaul et al., 2014; Brandstetter and Ruther, 

2016). Thus, the question remains not only why some species are capable of de novo 

synthesis while others not, but also how and when this specific trait evolved during the 

evolutionary history of the invertebrates lineages. To answer those questions, we need an 

appropriate model organism about which biological and ecological knowledge is available.   
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Model organisms 

In my thesis, I have investigated the role and evolution of LA in diverse species of arthropods 

with emphasis on one basal hexapod group, Collembola (springtails). Collembola are 

abundant soil arthropods in many ecosystems that play an important role in plant litter 

decomposition, nutrient cycling, in forming soil microstructures and modifying plant growth 

(Rusek, 1998). They show a wide range of morphological, physiological, behavioural and 

ecological adaptations to a broad spectrum of habitat abiotic challenges (Hopkin, 1997). 

Their main dietary sources include life and dead plant tissues, algae, fungal hyphae and 

bacteria, and a smaller number of species are predators of nematodes and insect eggs or feed 

on carrion (Christiansen, 1964; Hopkin, 1997; Berg et al., 2004). Their diet composition may 

be related to the vertical distribution of species in the soil as the quality and quantity of the 

mentioned dietary sources change with soil depth (Berg and Bengtsson, 2007; Chernova et 

al., 2010). On the other side, the detailed knowledge about sex pheromone production in 

many springtail species is still missing, there is some evidence for Folsomia candida 

(reviewed in Pelosi et al., 2014) that indicates the presence of soluble binding proteins, 

commonly recognized as solubilizers and carriers of odorants and pheromones which might 

be connected with LA synthesis. In another springtail, Orchesella cincta, sex pheromones are 

studied in more details as well as some of their chemical composition (Zizzari et al., 2017). 

Moreover, transcriptomic and genomic information about many springtails is available 

(1KITE; Faddeeva-Vakhrusheva, et al., 2017) which makes overall springtails a good model 

system to study the selection pressure underlying LA biosynthesis. 

Thesis outline 

This thesis begins with a review of the mechanisms by which LA is synthesized and what 

biological functions are supported by LA in different organisms to answer the question why 

the ability to synthesize LA was lost and repeatedly gained during the evolution of distinct 

invertebrate groups. In this review, I propose several hypotheses and compile data from the 

available literature to identify which factors promote LA synthesis within a phylogenetic 

framework. I am discussing if there is a link between proposed hypotheses and LA synthesis 

and how LA synthesis evolved in various species in relation to different selective pressures 

(Chapter 2).  
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In the next chapter, I am assessing the correlated evolution of diet, habitat specialization and 

ecomorphological traits in Collembola. The aim of chapter 3 is to put dietary composition in 

the broader context of morphological and life history evolution in soil arthropods. I studied 

the evidence for ecomorphological adaptations in Collembola and place these adaptations in 

the context of their feeding biology and a concise set of functional traits. The chapter 

compiles data on mouthpart structures (mandibula, maxilla), feeding guild (microbivores, 

herbivores and scavengers/carnivores), vertical habitat stratification (epigeic, hemiedaphic, 

euedaphic) and reproduction mode (bisexual, parthenogenetic). Using phylogenetic 

reconstruction and Pagel‘s discrete method, I tested for correlations between those traits.  

To investigate which Collembola are able to biosynthesize LA I have used stable isotope 

labelling to detect the presence of biosynthesis of LA in Collembola fed with fully labelled 

OA, a precursor of LA in Chapter 4. Since diet composition is proposed as one of the key 

selection pressures underlying LA biosynthesis, the results are placed in the context of a 

possible relationship between LA synthetic ability and the natural diet of species.  

The question of Chapter 5 was to find if the evolution of LA biosynthesis in this basal 

hexapod group was driven by utilization of LA in their sex pheromone production. Since diet 

is probably the most significant factor shaping chemical signals in animals and some dietary 

components are converted directly into pheromones (Henneken et al., 2017), I studied 

feeding preference of six Collembola species when offered LA-enriched or non-LA-enriched 

food. Moreover, in the Chapter 5, I examined the attractiveness of spermatophores produced 

by Collembola males reared with or without LA enriched-food by testing female preference 

for these spermatophores.  

To gain more insight into the evolutionary trajectory of LA biosynthesis in invertebrates, I 

investigated the ability for LA synthesis in a diverse array of arthropod species (Oligochaeta, 

Diplopoda, Arachnida, Crustacea, and some Insecta, i.e. Thysanura, Archeognatha, Blattaria, 

Lepidoptera and Coleoptera). Similar to the methodology of Chapter 4, I used stable isotope 

labelling experiments to test whether those species are able to synthesize LA from OA. The 

result of this experiment helps to track the onset of LA emergence in Ecdysozoa (Chapter 6).  
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Identifying the genes encoding Δ12 desaturases is the aim of Chapter 7. In this chapter, we 

functionally characterized a predicted insect Δ12-desaturase genes in jewel wasp, Nasonia 

vitripennis to get more insight in the gene evolution of LA biosynthesis.  

I summarize the results of all my chapters in Chapter 8, where I also provide a general 

conclusion and set up future directions for further studies.  
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2. An evolutionary perspective on linoleic acid 

synthesis in animals  

 

Miriama Malcicka, Bertanne Visser and Jacintha Ellers 
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Abstract  

The diet of organisms generally provides a sufficient supply of energy and building materials 

for healthy growth and development, but should also contain essential nutrients. Species 

differ in their exogenous requirements, but it is not clear why some species are able to 

synthesize essential nutrients, while others are not. The unsaturated fatty acid, linoleic acid 

(LA; 18:2n-6) plays an important role in functions such as cell physiology, immunity, and 

reproduction, and is an essential nutrient in diverse organisms. LA is readily synthesized in 

bacteria, protozoa and plants, but it was long thought that all animals lacked the ability to 

synthesize LA de novo and thus required a dietary source of this fatty acid. Over the years, 

however, an increasing number of studies have shown active LA synthesis in animals, 

including insects, nematodes and pulmonates. Despite continued interest in LA metabolism, 

it has remained unclear why some organisms can synthesize LA while others cannot. Here, 

we review the mechanisms by which LA is synthesized and which biological functions LA 

supports in different organisms to answer the question why LA synthesis was lost and 

repeatedly gained during the evolution of distinct invertebrate groups. We propose several 

hypotheses and compile data from the available literature to identify which factors promote 

LA synthesis within a phylogenetic framework. We have not found a clear link between our 

proposed hypotheses and LA synthesis; therefore we suggest that LA synthesis may be 

facilitated through bifunctionality of desaturase enzymes or evolved through a combination 

of different selective pressures. 

Introduction 

Among all the nutritional compounds that make up an organism‘s body, many are required as 

a nutritional supplement, i.e. organisms cannot synthesize these metabolites themselves. Lack 

of an external resource for such essential molecules can cause a range of deficiency diseases, 

for example in the case of vitamin, amino acid or mineral deficiencies (Anderson and 

Connor, 1989; Brock and Chapple, 2016). The exogenous requirement for essential nutrients 

is, however, not universal among organisms. Some taxonomic groups, such as 

microorganisms and plants, are to a large extent autotrophic and can synthesize vitamins, 

amino acids, and lipids de novo from simpler compounds. Metazoan species, in contrast, are 

generally heterotrophic for many metabolites, as they lack key enzymes of essential 
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metabolic pathways (Ellers et al., 2012). Metazoans thus generally need regular dietary intake 

of essential micronutrients to prevent deficiency diseases. It remains to be resolved, however, 

why some species are able to synthesize essential nutrients, while others are not. One possible 

explanation is that for some species essential nutrients are abundantly available in their 

environment. High consumption of essential nutrients may relax selective pressures on an 

organism to maintain autotrophy for such metabolites (Pandey et al., 2015). Furthermore, if 

nutrients are supplied by a symbiotic partner or are present abundantly in the environment, de 

novo synthesis of the nutrient in question becomes redundant and prone to loss or degradation 

(Visser and Ellers, 2008; Ellers et al., 2012; Helliwell et al., 2013). The presence of excess 

amounts of vitamin C in the diet of primates and other mammals, for example, is thought to 

have rendered de novo synthesis obsolete and mutation accumulation was found to 

compromise functioning of the gene underlying vitamin C production (Chatterjee, 1973; Ohta 

and Nishikimi, 1999). Similarly, some genes required for the biosynthesis of vitamin B6 were 

lost after the divergence of vertebrates and invertebrates, leaving all mammals unable to 

synthesize vitamin B6 (Kennedy, 2016). 

One class of essential nutrients is found among polyunsaturated fatty acids (PUFAs). PUFAs 

are long chain fatty acids with multiple double bonds that are vital for body functions, such as 

the formation and functioning of cell membranes, as well as the immune system. PUFAs 

further play an important role in cell physiology, signaling and reproduction (Belury, 2002; 

El-Yassimi et al., 2008; De Veth et al., 2009), and in humans PUFAs lower the risk of 

coronary artery disease, some nerve diseases like Alzheimer‘s, schizophrenia and metabolic 

syndrome (Booth-Kewley and Friedman, 1987; Kalmijn et al., 1997; Horrobin, 1998; Hulbert 

et al., 2005). Some PUFAs have been recognized in animals as essential nutrients for which a 

dietary source is required (Sinclair et al., 2007; Grosso et al., 2016). The critical step in 

PUFA biosynthesis is the introduction of a second double bond in a mono-unsaturated fatty 

acid leading to the formation of linoleic acid (LA). This enzymatic step is carried out by 

specific desaturases, which were previously thought to be restricted to bacteria, protozoa and 

plants (de Renobales et al., 1986). Louloudes et al. (1961) were one of the first to show that 

an insect, the American cockroach Periplaneta americana, was able to biosynthesize LA de 

novo. Since that time, a growing body of research on LA and other PUFAs has confirmed that 

LA can be synthesized by a range of different insects (de Renobales et al., 1986; Cripps et al., 
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1986; Aboshi et al., 2013; Shimizu et al., 2014) and other invertebrates, including nematodes 

and pulmonates (Weinert et al., 1993; Wallis et al., 2002). Consequently, these findings have 

challenged the long-held assumption that animals lack the ability to synthesize LA de novo.  

We currently have a poor understanding of the evolutionary dynamics of the ability for LA 

synthesis. Until now LA synthesis is not commonly found, but species that are able to 

produce LA are found in a diverse set of taxonomic groups. A phylogenetic analysis of the 

pattern of presence and absence of biosynthetic ability of LA is therefore needed to 

distinguish between different potential evolutionary scenarios. One hypothesis is that a 

conserved loss of LA synthesis early in the evolution of the Animalia was followed by 

multiple independent reversals of the trait. Alternatively, the ancestral trait of LA synthesis 

may have been retained across most families, but many independent losses of the trait were 

incurred in more shallow evolutionary branches. Clearly, either of these scenarios will 

involve multiple evolutionary transitions, which suggests that LA biosynthesis is an 

evolutionarily labile trait. The question is which genetic pathways enable this high 

evolvability and what convergent selection pressures are leading to this repeated pattern of 

(re)gain and/or loss. In this review we develop a new perspective on the evolutionary 

dynamics of LA synthesis. We will 1) compile known cases of LA synthetic ability across the 

animal kingdom and use a phylogenetic approach to explore macro-evolutionary patterns; 2) 

review the biochemical and genetic pathways involved in LA synthesis to compare LA 

synthesis mechanisms in animals to that in plants and microbes; and 3) present new prospects 

on the biological function of LA synthesis, including potential selective forces leading to 

gains or losses of the ability to produce LA.  

LA synthesis ability and evolutionary transitions in animals 

To gain more insight into the evolution of LA synthesis, we have compiled all available 

information on the ability to produce LA for invertebrates and reconstructed their phylogeny 

(Fig. 1; Supplementary information 1). Until now, 54 invertebrate species have been tested 

for their ability to synthesize LA and over 40% of these species were found capable of 

producing LA de novo (Fig.1; Tab. 1). Within the primitive invertebrates Crustacea, 

Nematoda and Acari, all seven species tested were found to synthesize LA, revealing that the 

more ancestral invertebrate groups have functional LA synthetic pathways. The ability for 
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LA synthesis was absent in more primitive insect groups, including Zygentoma, 

Ephemeroptera, Odonata, Dermaptera, and Plecoptera, although only few species within 

these groups were tested (5 species in total). Of all insects tested, almost 60% of species were 

found incapable of producing LA de novo. The other 40% did produce LA, but LA synthesis 

ability seems to be scattered across the different insect orders. 

 Figure 1 

A phylogenetic tree reconstructed based on molecular and morphological data (see 

Supplementary material 2) of species able (grey branches) and unable (black branches) to 

synthesize LA de novo.  
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Table 1 

OVERVIEW OF SPECIES TESTED FOR THE ABILITY TO SYNTHESIZE LINOLEIC 

ACID (LA) 

LA ability: + (capable of LA biosynthesis); - (not capable of LA biosynthesis). Mode of 

reproduction: S (sexual); H (hermaphroditic). Diet: Microbes; Pollen; Herbivore (feeding on 

plants); Omnivore (feeding on a variety of food of both plant and animal origin); Carnivore 

(feeding on other animals); Lignivore (feeding on wood-decay material); Frugivore (feeding 

on fruit). Distribution: Temperate climate (between the Tropic of Cancer and the Arctic 

Circle in the northern hemisphere, and the Tropic of Capricorn and the Antarctic Circle in the 

southern hemisphere; having 4 seasons); Tropics (according to the 

Köppen climate classification, a non-arid climate in which all twelve months have mean 

temperatures of at least 18 °C); Cosmopolitan (across all or most of the world). For 

references see Supplementary material 2. 

 

Order Species/References 
LA 

ability 
Sex Diets Distribution  

Rhabditida Turbatrix aceti
1,2,3

  + S Microbes ?   

 
Caenorhabditis elegans

4
 + S, H Microbes Temperate 

Sarcoptiformes Tyrophagus similis
5
 + S Omnivorous Temperate 

 

Tyrophagus 

putrescentiae
5
 

+ S Omnivorous Temperate 

 
Carpoglyphus lactis

6
 + S Omnivorous Temperate 

Crustaceans Arion circumscriptus
7
 + H Herbivore Temperate 

 

Bulimulus alternatus
7
 

mariae 
+ H Herbivore Tropics 

Zygentoma Lepisma saccharina
8
 - S  Omnivorous Temperate 

Ephemeroptera Ephemerella walker
8
 - S  Herbivore Temperate 

Odonata Hyponeura sp.
 8
 - S Carnivorous Temperate 

Dermaptera Forficula auricularia
8
 - S Herbivore Temperate 

Plecoptera Acroneuria sp.
 8
 - S Carnivorous Temperate 

Orthoptera Acheta domesticus
9,10,11

 + S Omnivorous Temperate 

 
Gryllus sp.

 8,12
 + S Omnivorous Temperate 

 

Teleogryllus 

commodus
13,14

 
+ S Herbivore Temperate 

 
Bradynotes obesa

8
 - S Herbivore Temperate 
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Melanoplus sanguinipes

8
 - S Herbivore Temperate 

 
Cratypedes neglectus

8
 - S Herbivore Temperate 

 
Blatta orientalis

8
 - S Omnivorous Cosmopolitan 

 
Eurycotis floridana

15
 + S Omnivorous Temperate 

 

Periplaneta 

americana
9,10,11,16,17,18

 
+ S Omnivorous Cosmopolitan 

 
Periplaneta fuliginosa

8
 + S Omnivorous Temperate 

 
Periplaneta japonica

8
 + S Omnivorous Temperate 

 
Blattella germanica

10,19
 - S Omnivorous Cosmopolitan 

 
Nauphoeta cinerea

8
 - S Omnivorous Tropics 

 
Leucophaea maderae

8
 - S Omnivorous Tropics 

Isoptera 
Zootermopsis 

angusticollis
9,10

 
+ S Lignivore Temperate 

 
Coptotermes formosanus

9
 + S Omnivorous Temperate 

 
Reticulitermes flavipes

9
 + S Lignivore Temperate 

Hemiptera Myzus cerasi
8
  + S Herbivore Temperate 

 
Myzus persicae

20
 + S Herbivore Cosmopolitan  

 
Prociphilus fraxini folli

8
 + S Herbivore Temperate 

 
Acyrthosiphon pisum

10,19
 - S Herbivore Temperate 

 
Aphis evonymi

21
 - S Herbivore Temperate 

 
Planococcus citri

8
 + S Herbivore Cosmopolitan 

 
Lygus hesperus

8
 - S Herbivore Temperate 

 
Lygaeus kalmii

8
 - S Herbivore Temperate 

 
Bemisia argentifolii

22
 + S Herbivore Tropics 

 
Oncopeltus fasciatus

8
 - S Herbivore Temperate 

Hymenoptera Osmia lignaria
8
 - S Pollen Temperate 

 
Nasonia vitripennis

23
 + S Omnivorous Temperate 

Neuroptera Chrysoperla carnea
8
 + S Carnivorous Cosmopolitan 

Coleoptera Tribolium castaneum
24

 + S Herbivore Cosmopolitan 

 
Tenebrio molitor

8
 - S Herbivore Temperate 

      

 
Hippodamia  convergens

8
 - S Omnivorous Temperate 
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Callosobruchus 

maculatus
25,26

 
- S Herbivore Cosmopolitan 

 
Dermestes maculatus

8,27
 - S Omnivorous Cosmopolitan 

Lepidoptera Pieris brassicae
27

 - S Herbivore Temperate 

 
Danaus plexippus

28,29
 - S Herbivore Temperate 

 
Galleria mellonella

8
 - S 

Herbivore, 

Frugivore 
Cosmopolitan 

 
Trichoplusia ni

30
 - S Herbivore Cosmopolitan 

Diptera 
Drosophila 

melanogaster
8,31

 
- S 

Herbivore, 

Frugivore 
Cosmopolitan 

 
Ceratitis capitata

32,33,34,35
 - S Frugivore Cosmopolitan 

 
Musca domestica

10
 - S Omnivorous Cosmopolitan 

 

Character tracing of LA synthesis in insects suggested that the ability for de novo synthesis in 

18 species is a secondarily derived character rather than an ancestral trait (Fig.1), particularly 

because LA synthesis is absent from the primitive invertebrate groups. If we assume absence 

of LA synthetic ability to be the ancestral state in the insects, as a result of convergent 

evolution (homoplasy) LA synthesis could have evolved 8 times independently in different 

lineages, and lost in two insect groups (Lepidoptera, Diptera). Overall, with the exception of 

flies and butterflies, the ability for LA synthesis re-evolved in all major insect orders. In 

Blattodea and Hemiptera the evolutionary history of LA synthesis is equivocal. For the 

cockroaches, LA synthesis may have been regained once in the common ancestor of 

Periplaneta sp. and Eurycotis floridana and subsequently lost again in Blatta orientalis. 

Alternatively, LA synthesis was regained on two separate occasions, once in E. floridana and 

once in the common ancestor of Periplaneta sp. The same holds true for the hemipteran clade 

where LA synthesis could have been regained on two separate occasions or was regained 

once and subsequently lost again in some species. There is clear support for the hypothesis 

that a conserved loss of LA synthesis early in the evolution of the Animalia was followed by 

multiple independent reversals of the trait. To better comprehend those evolutionary 

transitions, we should look into the biochemical and genetic pathways underlying LA 

synthesis in these species.   
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Biochemical and genetic pathways underlying LA synthesis 

Fatty acid desaturases are enzymes that introduce a double bond between carbon atoms and 

remove a hydrogen atom, thereby creating unsaturated fatty acids (FAs) (Fig. 2). Three types 

of desaturases are involved in placing double bonds in long chain FAs: acyl-lipid, acyl-ACP 

and acyl-CoA desaturases (Fig. 3; Murata and Wada, 1995). Acyl-lipid desaturases are found 

in cyanobacteria and some plants, where bonds are introduced into fatty acids that are in a 

lipid-bound form (Murata and Wada, 1995; Los and Murata, 1998). Acyl-ACP desaturases 

are present in plant plastids and introduce double bonds to lipids bound to an acyl carrier 

protein (ACP) (Murata and Wada, 1995). Acyl-CoA desaturases are found in fungal and 

animal cells in which double bonds are introduced involving coenzyme A (CoA) (Macartney 

et al., 1994). PUFAs can be synthesized through the action of a range of desaturases, 

generating different products depending on the location at which double bonds are introduced 

in a long chain FA molecule (Wallis et al., 2002).  

 

Figure 2 

A SCHEMATIC OVERVIEW OF THE FATTY ACID DESATURATION MECHANISM 



 

21 

 

Figure 3 

Three types of desaturases are involved in introducing double bonds to long chain FAs with 

their final products in plants, microorganisms and animals: acyl-ACP, acyl-lipid and acyl-

CoA desaturases, respectively (Murata and Wada, 1995). Each double bond is indicated by 

Δx or by the number in brackets, where the double bond is located on the xth carbon–carbon 

bond, counting from the carboxylic acid end. For example in microorganisms, oleic acid, 

C18:1 (9) already contains a bond at the 9
th

 carbon position and a bond at the 12
th

 carbon 

position is added to form linoleic acid, C18:2 (9,12). 

 

LA is synthesized from oleic acid (C18:1), a long chain FA that already contains a double 

bond between the 9
th

 and 10
th

 carbon atom. Using oleic acid as a substrate, a ∆12 desaturase 

then introduces a second double bond between the 12
th

 and 13
th

 C atom (Fig. 3). In plants and 

yeasts genes encoding a ∆12 desaturase have been identified and characterized, for example 

in Kluyveromyces lactis (Kainou et al., 2006), Candida parapsilosis (Buček et al., 2014), and 

Arabidopsis thaliana (Covello et al., 1996). In plants LA desaturation has been linked to six 

loci (fad &, fad 2, fad 4, fad 5, fad 6 and fad 7) (Browse and Somerwille, 1991) and it was 

discovered that the enzyme encoding plant ∆12 desaturase contains three conservative 

histidine boxes belonging to the Omega family (Hashimoto et al., 2008). Until now, orthologs 

of these genes seem to be missing completely in most animals (except for Caenorhabditis 

elegans, see below), also in species that were found to synthesize LA (Watts and Browse, 

2002; Alonso et al., 2003; 2014; Blaul et al., 2014). This confirms the result from our 

phylogenetic analysis that LA synthesis in animals evolved secondarily, and suggests that a 

different genetic pathway is enabling LA synthesis in animals. 
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Whilst 25 arthropod species were found capable of synthesizing LA (Fig. 1), for only very 

few of those species a ∆12 desaturase gene or enzyme has so far been identified (Zhou et al., 

2008).  

Caenorhabditis elegans is the exception, because a plant-like ∆12 desaturase gene has been 

found in this species (Peyou-Ndi et al., 2000). The enzyme encoded by the gene, however, 

was discovered to have an alternative mechanism of desaturase functioning which relies on 

bifunctional activity of ∆12/∆15 desaturases (Zhou et al. 2011). Similarly, the ∆12/∆15 

bifunctional desaturase was also found in the soil yeast Lipomyces kononenkoae, which uses 

a novel gene derived from gene duplication (Yan et al., 2013). However, the multiple genetic 

pathways that underlie LA synthesis in fungi and nematodes are unlikely to share a common 

evolutionary origin since a comparative phylogenetic analysis suggested that nematode Acyl-

CoA desaturases probably arose independently from those found in fungi and protozoa (Zhou 

et al., 2011). Biochemical and genetic pathways of linoleic acid in plants and microbes are 

extensively reviewed in other publications (Farmer 1994; Certik and Shimizu 1999; Thelen 

and Ohlrogge 2002; Weber 2002; Qi et al. 2004; Sampath and Ntambi 2005; Palmquist et al. 

2005; Jenkins et al. 2014). 

In insects capable of LA synthesis, only two genes have so far been identified that encode a 

Δ12-desaturase; one in the red flour beetle, Tribolium castaneum and another one in the 

house cricket, Acheta domestiucus (Zhou et al., 2008). A comparative analysis showed that 

their Δ12-desaturase genes are more closely related to the archetypal Δ9-desaturase from rats 

than to Δ12-desaturases widely reported in plants (Zhou et al., 2008; 2011; Yan et al., 2013) 

and they most likely evolved independently from plant, fungal and nematode Δ12-

desaturases. Although both species share the common ancestor of the insects, their Δ12-

desaturase genes do not cluster together but they are more related to Δ9-desaturases genes of 

their own species, again suggesting evolution by an independent route (Zhou et al., 2008). 

The question arises if the close similarity to Δ9-desaturases genes is indicative of ∆9/∆12 

desaturase bifunctionality similar to what has been found in C. elegans and some fungi. As of 

yet no bifunctional activity has, however, been confirmed (Zhou et al., 2008). The similarity 

in histidine motifs between ∆9 and ∆12 desaturases frustrates attempts to identify ∆12-

desaturase genes in more species. For example, gene identification was attempted in the 

parasitoid Nasonia vitripennis, but despite several candidates no ∆12 functionality was 
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detected in any of the genes (Blaul et al., 2014). As gene detection can be compromised by 

dual functionality of ∆9/∆12-desaturases (Zhou et al., 2011) and by the high similarity 

between ∆9 and ∆12 desaturase motifs (Zhou et al., 2008; 2011), future research should focus 

on those two scenarios.  

Acquisition and utilization of LA as drivers of LA synthetic ability  

Tracing the evolutionary history of a trait can reveal major evolutionary trait changes, such as 

gains, losses and reversions, but we need to link these transitions to the ecology of the 

organism to provide adaptive explanations for trait evolution. The selective forces on LA 

biosynthetic ability are expected to depend on the acquisition of LA from external sources 

and on the magnitude of LA utilization by the organism. We, therefore, need to address two 

key questions: 1) what are the ways in which an organism can obtain LA, and 2) to what 

extent does an organism utilize LA (Fig. 4)? 

  

Figure 4 

A SCHEMATIC OVERVIEW OF THE MEANS BY WHICH LA CAN BE ACQUIRED 

AND UTILIZED BY ORGANISMS 

 

Acquisition of LA from the environment 

Diet was proposed as a key ecological factor affecting LA synthesis (Cripps et al., 1986) with 

the evolutionary loss of LA synthesis resulting from environmental compensation (Visser et 

al., 2010; Ellers et al., 2012). A scenario under which the common ancestor of (primitive) 

insects fed on a diet rich in LA (i.e. herbivores/omnivores) could have fueled the evolutionary 

loss of LA synthetic ability, as the trait would have become unnecessary. Conversely, LA 
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may be required by species that feed on a diet containing little or no LA (carnivores), leading 

to a regain of LA synthetic ability in these lineages (Stanley-Samuelson et al., 1991). The 

evolution of LA synthesis seems unrelated to dietary preferences of distinct invertebrate 

groups, because 50% of species capable of de novo LA synthesis are herbivores and 45% are 

omnivores (Tab.1) (Malcicka et al., 2017b). Dietary compensation could, however, still play 

a role in the evolution of LA synthesis. Functional requirements for LA can be highly 

species-specific and information on dietary fatty acid profiles could prove extremely helpful 

in determining the role of dietary preferences in the evolution LA synthesis. We currently 

have insufficient information, however, on dietary fatty acid profiles for species known to 

lack or synthesize LA. Future research could aim to study dietary fatty acid profiles of closely 

related species that differ in their ability to synthesize LA. High species specificity could 

further explain why some invertebrates are able to synthesize LA despite feeding on a high-

LA containing diet.  

Another scenario under which organisms could obtain essential nutrients is via symbioses 

with microbes. Ecological interactions were recently found to play a critical role in fueling 

the loss of essential traits, i.e. compensated trait loss (Visser et al., 2010; Ellers et al., 2012). 

Here, an essential function or resource is provided by the environment, usually by a 

symbiotic partner, rendering the trait in the receiving organism either redundant or too costly 

to maintain, ensuing trait loss. When the ecological partner/interaction is absent, however, the 

functional requirement for the trait remains; hence fitness is negatively affected in absence of 

the ecological partner/interaction. Symbiotic partners, such as endosymbionts, may thus play 

a key role in the evolution of LA synthesis.  

Perhaps one of the most thorough studies into the role of microorganisms in LA synthesis 

was done by Borgeson et al., (1991), in which several tissues of the house cricket Acheta 

domestica and the American cockroach Periplaneta americana were examined under axenic 

(i.e. endosymbiont-free) conditions. Their results unequivocally demonstrated that the insect 

tissues themselves, and not microorganisms, were responsible for the synthesis of LA. 

Employing a slightly different methodology, the role of endosymbionts in the pea aphid, 

Acyrthosiphon pisum, has also been studied (de Renobales et al., 1986). Aphids are known to 

harbor different species of microbes, some of which are essential for their survival (reviewed 

in Douglas, 1998; Oliver et al., 2010). Nevertheless, tetracycline-treated aphids with greatly 
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reduced numbers of intracellular symbionts synthesized LA in the same proportions as 

untreated controls (de Renobales et al., 1986). Several other studies on insects have provided 

additional evidence that microorganisms are not involved in LA synthesis (Wharton and 

Lola, 1970; Mauldin et al., 1978; Dwyer et al., 1981; Blomquist et al., 1982; Stanley-

Samuelson et al., 1986a; de Renobales et al., 1986; Jurenka et al., 1987; Borgeson et al., 

1991) and we have yet to discover an example of endosymbiont-mediated LA synthesis. 

Moreover, the discovery of Δ12-desaturase genes in A. domesticus and T. castaneum (Zhou et 

al., 2008) supports the above findings that microorganisms are not mediating LA synthesis. 

Utilization of LA by the organism 

Not all animal species have the same quantitative need for LA, as the biochemical and 

physiological pathways for which LA is used depend on the species‘ biology and behavior. 

One of the most important functions of PUFAs is within cell membranes. Maintaining proper 

membrane fluidity is a crucial function of biological membranes in poikilothermic species, 

also known as homeoviscous adaptation (for review see Hazel, 1995). This homeoviscous 

adaptation is achieved by desaturation of the phospholipid FA chain, which determines 

melting temperature and fluidity of biological membranes (Fromm and Hargrove, 2012). 

Although homeoviscous adaptation is a very general mechanism in animals, it could be a 

driving force in the evolution of LA synthetic ability in organisms that regularly encounter 

cold temperatures or substantial temperature variation, leading to an increased demand for 

PUFAs. This would suggest LA synthesis to be more prevalent in temperate species 

encountering higher temperature variability, compared to species living in the tropics. The 

American and Japanese cockroaches, P. americana and P. japonica, for example, can 

synthesize (Z,Z)-6,9-heptacosadiene from LA, which remains as a cuticular hydrocarbon to 

prevent desiccation, protect against environmental chemicals, and serve as a pheromone, 

kairomone and defense chemical (Dwyer et al., 1981). The same compound was also found in 

the beetle (Tetropium cinnamopterum) and a hymenopteran (Ampulex compressa). It is 

unclear whether these species synthesize LA, but their phylogenetic position suggests the 

potential for de novo LA synthesis. The distribution of species living in temperate climates is, 

however, scattered on the phylogenetic tree with half of the species able to synthesize LA 

while the other half is not (Fig.1). The phylogeny would thus suggest that adaptation to 

colder or more variable thermal environments may not be the main driving force underlying 

http://www.pherobase.com/database/genus/genus-Tetropium.php
http://www.pherobase.com/database/species/species-Tetropium-cinnamopterum.php
http://www.pherobase.com/database/genus/genus-Ampulex.php
http://www.pherobase.com/database/species/species-Ampulex-compressa.php


 

26 

the evolution of LA synthesis. Moreover, some species, such as those regularly exposed to 

stressful environmental conditions, may require much higher quantities of LA compared to 

closely related species inhabiting more hospitable environments. For example, some species 

of yeast and algae were found to require more LA when exposed to lower temperature, higher 

salinity or nitrogen starvation (Gostinčar et al., 2009; Lu et al., 2009; Iskandarov et al., 2010; 

Chodok et al., 2013; Kaye et al., 2015). 

Another role of LA is to modulate immune function through its effect on eicosanoid synthesis 

(Chuang et al., 2001; Eder et al., 2003). Eicosanoids are signaling molecules made by the 

enzymatic or non-enzymatic oxidation of PUFAs, which mediate specific cell actions, 

connect innate and adaptive immunity, and eicosanoids play a significant role in insect 

immune responses to bacterial, fungal and viral infections (Stanley-Samuelson et al., 1991; 

Harizi and Gualde, 2005; Stanley et al., 2012; Büyükgüzel, 2012; Park et al., 2012). 

Eicosanoids are also involved in egg-laying behaviors of some insects and vertebrates 

(Stanley, 2006). For instance, the eicosanoid prostaglandin was found to mediate egg-laying 

behavior in some cricket species and to stimulate hatching behavior in barnacle larvae 

(Destephano and Brady, 1977; Yamaja Setty and Ramaiah, 1979; Stanley-Samuelson et al., 

1986b; Stanley, 2006).  

A final possible way through which LA can be utilized is in the production of sex 

pheromones.  LA has been identified as a critical component or precursor of sex pheromones 

in many insect species, particularly in Lepidoptera and Diptera, but also in some species of 

Coleoptera and Acari (Blomquist et al., 1987; Vandervel and Oehlschlager, 1987; Rule and 

Roelofs, 2005; Blaul et al., 2014; Shimizu et al., 2014; Rong et al., 2014). In the mite 

Carpoglyphus lactis (capable of LA synthesis), for example, LA was converted to (Z,Z)-6,9-

heptadecadiene, which is widely used as alarm, sex, and/or aggregation pheromone among 

astigmatid mites (Kuwahara, 2004; Shimizu et al., 2014). A recent study further showed that 

the production of sex pheromones in Nasonia vitripennis males reared on a LA-enriched diet 

was four times higher than that of males reared on a minimal LA-containing diet; despite the 

fact this species is capable of LA synthesis (Brandstetter and Ruther, 2016). Moths in the 

families Geometridae, Arctiidae, and Noctuidae also utilize LA as a precursor for pheromone 

production (Millar, 2000). Although no record exists on de novo synthesis of LA in species 

from these families, their position within the phylogenetic tree (Fig. 1) would suggest that 

https://en.wikipedia.org/wiki/Lipid_signaling
https://en.wikipedia.org/wiki/Enzymatic
https://en.wikipedia.org/wiki/Oxidation
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they cannot synthesize LA. The evolution of LA synthesis thus seems to be unrelated to 

pheromone production, as many species require LA as a precursor but cannot synthesize LA 

de novo (Tab.1; Miller, 2000). 

Perspective on the evolution of LA synthesis  

The question why some organisms possess the ability for LA synthesis and other, even 

closely related species, do not is still open. One potential explanation might be in the quantity 

of LA present in the diet relative to the organism‘s requirements (Nugteren et al., 1979; 

Domenichiello et al., 2016). LA synthesis might also depend on the interplay between a 

species‘ ecology (how much is in the diet) and the biological functions for which LA and its 

derivatives are required by a certain species. Some species (e.g. yeast, algae) may require 

much more LA than others, depending on environmental challenges such as stress caused by 

fluctuations in temperature, salinity or nitrogen availability (Gostinčar et al., 2009; Lu et al., 

2009; Iskandarov et al., 2010; Chodok et al., 2013; Kaye et al., 2015). Other species may 

require a higher amount of LA because of the functions that LA performs in egg-laying 

behavior, innate immune reactions to infections (viral, bacterial, and fungal), the production 

of sex pheromones or in the performance and survival of immature stages (Stanley, 2006; 

Park et al., 2012; Blaul et al., 2014; Brandstetter and Ruther, 2016). Species that are unable to 

synthesize LA should complete these functions via other ways, such as through acquisition 

via the diet (Stanley, 2006;  Eleftherianos et al., 2013). 

LA synthesis does not seem to evolve in response to a single function, but rather seems to 

evolve through a balance between the acquisition and requirement of LA. In terms of 

mechanisms, LA has clear pleiotropic functions, explaining why the metabolic machinery 

underlying LA synthesis remains in place and why it is easy to re-evolve this phenotypic 

function (although some organisms seem to lack the ∆12 gene) (Alonso et al., 2003). 

Pleiotropy could also explain occasions where LA synthesis might seem non-adaptive (i.e. 

the machinery remains due to evolutionary history, but the need for LA was lost for instance 

due to a change in environmental conditions). Furthermore, the dual function of some ∆12 

desaturases (∆12/15 in C. elegans and L. kononenkoae) suggests that the underlying gene 

already has a novel function (Zhou et al., 2011; Yan et al., 2013). Work on desaturase genes 

indeed shows that there is rapid functional divergence even within subfamilies (Hashimoto et 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Eleftherianos%20I%5Bauth%5D
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al., 2008). This might explain why even closely related species do not share the same 

mechanism behind LA synthesis and why it is hard to find any general evolutionary 

(phylogenetic) patterns of LA synthesis mechanism between plants, microorganism and/or 

invertebrates. 

Conclusion 

LA is involved in a wide array of biological functions and genes underlying LA synthesis 

show a high degree of divergence. We suggest future studies on the evolution of LA synthesis 

could focus on distinct taxonomic groups where closely related species vary in the ability to 

synthesize LA. Thorough investigation of the animal‘s ecology (dietary FA profiles, sex 

pheromones, homeoviscous adaptation, stress and use of eicosanoids) and a search for 

underlying Δ12-desaturase genes could then reveal how LA acquisition and utilization 

interact to drive the evolution of LA synthesis.  
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Abstract 

Some of the most important functional traits in animals are related to the potentially vast 

array of feeding strategies and microhabitat use. Correlated evolution of diet and habitat 

specialization with ecomorphological traits has been described in vertebrates, but such 

functional trait variation in soil in vertebrates is less well-studied. In this study, we explore 

the evidence for ecomorphological adaptations in Collembola, an important group of soil 

invertebrates, and place this in the context of their feeding biology, vertical stratification in 

soil and reproduction mode. For this purpose, we compiled a database of functional traits, 

including mouthparts structures (mandibula, maxilla), feeding guilds (microbivores, 

herbivores and scavengers/carnivores), vertical habitat stratification (epigeic, hemiedaphic, 

euedaphic) and reproduction mode (bisexual, parthenogenetic). We used phylogenetic 

reconstructions and Pagel‘s discrete method to test for correlations between various traits. We 

found a correlation between diet and mandibulae structure, with scavengers/predators 

possessing scratching/piercing mandibulae without a molar plate, while chewing mandibulae 

with a molar plate were associated with herbivores and microbivores. Vertical habitat 

stratification did not correlate to diet or to reproduction mode. No phylogenetic signal was 

found in the structure of the maxillae, although maxillae in the scavenger/predatory diet 

group differed structurally from herbivores and/or microbivores. The correlated evolution 

seen between scavengers/predators and scratching/piercing mandibulae indicate selective 

pressures linking different morphological traits related to the biology of Collembola, and 

shed new light on the broader context of diet evolution in soil arthropods.  

Introduction 

Many of the best examples of adaptive trait evolution are based on morphological 

characteristics (Reznick and Ghalambor, 2001), and often reveal strong co-variation between 

the morphology and ecology of a species (Jackson et al., 2001; Marroig and Cheverud, 2005). 

Williams (1972) and Karr and James (1975) independently coined the term ‗ecomorphology‘ 

to describe the often intimate relationships between more subtle aspects of morphology, 

ecology, and behavior. Over the past half a century, the field of ecomorphology has come to 

represent an integral part of comparative biology by including a phylogenetic framework 

incorporating a wide spectrum of species (Bock, 1994). 
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One of the most explored areas in ecomorphological research is the relationship between diet 

and morphology (Lima-Junior and Goitein, 2003; Sacco and van Valkenburgh, 2004; 

Wainwright, 2007). Diet is generally under strong selective pressure because it affects the 

quantity and quality of nutrients and energy that can be obtained for growth, maintenance, 

reproduction and ultimately survival. Changes in the relative availability of different dietary 

components can drive the evolution of feeding morphology (Svanbäck and Eklöv, 2003), as 

mouthpart morphology is important for the acquisition and processing of food. Divergence of 

dietary range resulting from adaptive changes in feeding morphology decreases interspecific 

competition for resources thus facilitating species co-existence within communities 

(Brabrand, 1985).Therefore, understanding the functional link between diet and morphology 

is crucial in order to predict how morphological traits in consumers may respond to changes 

in dietary resource availability.  

In invertebrates there has been ample attention for the structural and functional aspects of 

mouthparts and their link to feeding strategies, e.g. in flower-visiting insects (Krenn et al., 

2005), in aquatic insects (Klecka and Boukal, 2012; 2013) and in parasitoid flies that feed on 

nectar (Gilbert and Jervis, 1998). However, determination of the dietary range in 

invertebrates can be difficult because of the difference in what an organism is observed to eat 

at a given time (the actual diet) versus what it may actually eat over the course of its lifetime 

(the potential diet). Also, due to their smaller size, arthropod feeding behavior can be difficult 

to monitor in the field over extended periods. These issues have particularly impeded 

knowledge about the correlation between mouthpart morphology and diet in soil arthropods, 

which represent a large part of the terrestrial biodiversity. Thus far, only few 

ecomorphological studies have addressed the relationship between mouthparts morphology 

and diet in soil arthropods (Lussenhop, 1992; Salmon et al., 2014). 

Collembola (springtails) are soil arthropods that play an important role in plant litter 

decomposition, nutrient cycling, in forming soil microstructures and in modifying plant 

growth (Rusek, 1998). They exhibit a wide range of morphological, physiological and 

ecological adaptations to a broad spectrum of habitats (Hopkin, 1997), thus they make 

excellent model organisms for examining traits related to diet and mouthpart morphology 

(Petersen, 2002; Filser et al., 2002). The main source of dietary items differs between 
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microhabitats, but includes plant tissue and algae, decaying plant material, fungal hyphae and 

bacteria, although a smaller number of species are predators of nematodes and insect eggs or 

feed on carrion (Christiansen, 1964; Hopkin, 1997; Berg et al., 2004). Moreover, diet 

composition may be related by the vertical distribution of animals in the soil as the quality 

and quantity of the mentioned dietary sources change with soil depth, while vertical 

distribution in turn has been related to reproduction mode (Chahartaghi et al., 2006; 

Chernova et al., 2010; Malmström, 2012).  

Previous studies of Collembola trait distributions have addressed the impact of vertical 

habitat stratification, humus formation, soil acidity and moisture on various traits (Ponge, 

2000; Berg, 2012; Yoshida and Hijii, 2014; Salmon et al., 2014; Santorufo et al., 2014), but 

these correlations have not been examined in a phylogenetic framework. Phylogenetic history 

can constrain the evolution and expression of ecomorphological traits, resulting in closely 

related species being more similar to each other in traits than more distantly related species. 

Thus, it is important to consider both natural selection and phylogenetic history in order to 

understand the pattern of trait variation across species (Harvey and Pagel, 1991; Brooks and 

McLennan, 2001). 

This study aims to provide a better understanding of the evolution of feeding morphology of 

Collembola in relation to their diet and ecology in a phylogenetic framework. We compiled 

available literature data on various ecomorphological traits of Collembola, including 

mouthparts, diet, vertical habitat distribution, and reproduction mode, and classified species 

following the handbook of terrestrial invertebrate functional traits (Morretti et al., 2017). We 

reconstructed the phylogeny for those species for which genetic and trait data was available 

and used Pagel‘s discrete method to test for correlations between various ecomorphological 

traits. The results are placed within the broader context of adaptive emorphological evolution 

in soil arthropods.   

Material and Methods 

Compilation of trait data - Collembola diet 

Information on diet in Collembola was obtained by searching the Web of Science/Google 

Scholar using the key words ―springtail diet, Collembola diet”. The search yielded 
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information on the diet of 192 species of Collembola. In our analyses we only used species 

for which both diet information and sequence data were available. Therefore we checked the 

availability of 28S rDNA (D1+D2 regions) sequences on NCBI for each species with diet 

information. Sequence data was available for 38 species and thus only the diet information 

for these species was used further (Supplementary table 1; Table 1, respectively). As a final 

step, to ensure the completeness of the data set, we performed a literature search with a full 

factorial combination of keywords including the name of each species and each of five 

specific terms related to the methods used to assess the diet (isotope analysis, lipid marker, 

digestive enzyme activity, gut content and field observation). Studies reporting feeding 

preferences from laboratory experiments were excluded since these often included only a 

limited range of diet items in food choice experiments. When two studies were reporting 

different diet items for the same species the species was recorded as having a mixed diet 

including both diet items. 

Table 1 

LIST OF COLLEMBOLA SPECIES WITH DIET INFORMATION EXTRAPOLATED 

FROM PUBLISHED DATA 

Methods used to evaluate diets are indicated in the column heads (Isotopes; Lipids; Digestive 

enzymes; Gut content; Field observation). Order abbreviations: Symphypleona (Sym); 

Entomobryomorpha (Ent); Poduromorpha (Pod). Family abbreviations: Sminthuridae (Smi); 

Isotomidae (Iso); Entomobryidae (Ente); Tomoceridae (Tom); Tullbergiidae (Tul); 

Onychiuridae (Ony); Hypogastruridae (Hyp); Brachystomellidae (Bra); Neanuridae (Nea). 

Codes used for vertical habitat stratification: Epigeic(A); Hemiedaphic (H); Euedaphic (E). 

Codes used for mandibulae types: chewing (C), scratching/piercing (S/P). Diet codes: 1) 

Fungivores/bacterivores (F); 2) Herbivores (P); 3) Scavengers/predators (N).Reproduction 

mode codes: 1)Bisexual (Y); 2) Parthenogenetic (X).For the references to diet see 

Supplementary material 4. 

 

http://eol.org/pages/8634/overview
http://nl.wikipedia.org/wiki/Tullbergiidae
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Bourletiella hortensis  

Denis, 1930 
Sym Smi A Y C P 

   
P P 

Allacma fusca  

(Linnaeus, 1758) 
Sym Smi A Y C P,F 

  
F 

 
P 

Sminthurus viridis  

Stach, 1920 
Sym Smi A Y C P 

    
P 

Isotoma viridis  

Bourlet, 1839 
Ent Iso H Y C F 

 
F 

   

Cryptopygus antarcticus  

Willem, 1901 
Ent Iso H Y C P,F P 

  
F,P; F 

 

Folsomia quadrioculata  

(Tullberg, 1871)  
Ent Iso H Y C F F F F F 

 

Folsomia fimetaria  

(Linnaeus, 1758) 
Ent Iso E Y C F 

    
F; F 

Isotomiella minor  

(Schäffer, 1896) 
Ent Iso E X C F,P F 

  
F,P 

 

Folsomia candida  

(Willem, 1902) 
Ent Iso E X,Y C F,P F P 

 
F P 

Entomobrya lanuginosa  

(Nicolet, 1842) 
Ent Ente A Y C P 

    
P 

Heteromurus nitidus  

(Templeton, 1835) 
Ent Ente E Y C F F 

   
F 

Orchesella flavescens  

(Bourlet, 1839) 
Ent Ente A Y C F,P F P 

 
F,P 

 

Orchesella cincta  

(Linnaeus, 1758)  
Ent Ente A Y C F,P 

   
F,P F,P 

Entomobrya multifasciata  

(Tullberg, 1871) 
Ent Ente A Y C P 

    
P 

Sinella curviseta  

Brook, 1882  
Ent Ente E Y C F 

    
F 

Seira domestica  

Maynard, 1951 
Ent Ente A Y C F F 

 
F 

  

Lepidocyrtus cyaneus  

Tullberg, 1871 
Ent Ente A Y C F 

 

 
F 
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Pseudosinella alba  

(Packard, 1873) 
Ent Ente E Y C F 

    
F 

Tomocerus varius  

Folsom, 1899 
Ent Tom H Y C P,F 

   
F,P 

 

Tomocerus ocreatus  

Denis, 1948 
Ent Tom H Y C P,F 

   
F,P 

 

Tomocerus minor  

(Lubbock, 1862) 
Ent Tom H Y C P,F 

  
P,F F,P 

 

Mesaphorura macrochaeta  

Rusek, 1976 
Pod Tul E X,Y C F 

   
F 

 

Protaphorura armata  

(Tullberg, 1869) 
Pod Ony E Y C P,F 

   
F,P; F F; F 

Kalaphorura paradoxa  

(Schäeffer, 1900) 
Pod Hyp E Y C F F 

    

Onychiurus ambulans  

Gervais, 1841 
Pod Ony E Y C P 

    
P 

Ceratophysella denticulata  

(Bagnall, 1941) 
Pod Hyp H Y C F F F 

  
F 

Ceratophysella gibbosa 

 (Bagnall, 1940) 
Pod Hyp H Y C F 

    
F 

Hypogastrura viatica  

(Tullberg, 1872) 
Pod Hyp H Y C P 

   
P 

 

Willemia denisi  

Mills, 1932 
Pod Hyp E Y C F 

   
F 

 

Xenylla grisea  

Axelson, 1900 
Pod Hyp H Y C P,F 

   
F,P P 

Gomphiocephalus hodgsoni  

Carpenter, 1908 
Pod Hyp H Y C P,F 

   
F,P F,P 

Anurida maritima  

(Guérin, 1839)  
Pod Nea A Y S/P N 

    
N 

Friesea truncata  

Cassagnau 1958 
Pod Nea H Y S/P N 

    
N; N 

Friesea mirabilis  

(Tullberg 1871) 
Pod Nea H Y S/P N 

    
N 

Micranurida pygmaea  

Börner, 1901 
Pod Nea E Y S/P F 

    
F; F 

Thaumanura carolii  

Börner, 1932 
Pod Nea H Y S/P N,F N,F 

    

Morulina verrucosa  

Stach, 1951 
Pod Nea H Y S/P P,F P,F 

    

Neanura muscorum  

(Templeton, 1835) 
Pod Nea H X,Y S/P N,P,F N P,F P,F 
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Based on the compiled diet information, we divided Collembola in three major feeding guilds 

(following Morretti et al., 2017): 1) microbivores, feeding on fungal hyphae and bacteria; 2) 

herbivores, feeding on plant tissues including roots, leaves, pollen, mosses, algae and lichens; 

and 3) scavengers/carnivores, feeding on carrion, nematodes, other Collembola and 

invertebrate eggs. 

Vertical habitat stratification and reproduction mode 

Information on vertical habitat stratification and reproduction mode (Table 1) was obtained 

from an extensive Collembola trait database constructed by the second author, and is based 

on literature surveys. The vertical habitat stratification of each species was classified 

following Gisin (1943), who distinguished between epigeic species (surface-dwellers, such as 

living on plants, on litter, mosses, trunks, rocks), hemiedaphic species (in litter, soil surface 

and other biotopes more or less bound to it), and euedaphic species (deep soil-dwellers), 

based on morphological traits such as body color, eye sight (number of omatidia) and furca 

development. Reproduction mode was classified as bisexual if both sexes have been reported 

and as parthenogenetic if only females existed (Morretti et al., 2017), and was based on many 

literature sources.  

Collembola mouthparts: mandibulae and maxillae 

Information on mouthparts structure (Table 1,2) was also obtained from the Collembola trait 

database, and is largely based on drawings provided in identification guides. Collembola 

mouthparts consist of two structures: paired mandibulae and paired maxillae. Mandibulae 

morphology was assessed on 38 species. Collembola possess three types of mandibulae: 

chewing, scratching and piercing (Table 1, Figure 1). Chewing mandibulae have pointed 

‗teeth‘ and possess a well-developed mandibular molar plate at the base of the mandibula. 

With this molar plate hard diet items, such as plant tissue and fungal cells can be crushed. 

Scratching and piercing mandibulae do not possess a molar plate, therefore they were 

evaluated as a single category (Macnamara, 1924). Based on these criteria, mandibulae of 

Collembola were classified as chewing or scratching/piercing type. 
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Table 2 

MEASUREMENTS OF MAXILLAE LENGTHS AND WIDTHS OF 16 SPECIES OF 

COLLEMBOLA BASED ON DRAWINGS GIVEN IN FJELLBERG (1998; 2007) 

The length (L) to width (W) ratio was calculated for each species. The numbers (1-6) in the 

maxillae‘s drawings represent the presence (if shown) or absence (if not shown) of the six 

maxillary lamellae. Two types of mandibulae (chewing and scratching/piercing) are listed in 

regard to each species. Drawings were reproduced with permission from Arne Fjellberg. 

 

Maxillae Mandibulae 
Species Order 

Family 

Length 

to 

Width 

Ratio 

Drawings from literature Type 

Allacma fusca 

(Linnaeus, 

1758) 

Symphypleona 

Sminthuridae 

 

1.10 

 

Chewing 

Sminthurus 

viridis 

(Linnaeus, 

1758) 

Symphypleona 

Sminthuridae 

 

1.48 

 

Chewing 

Isotoma viridis 

Bourlet, 1839 

Entomobryo-

morpha            

Isotomidae 

 

1.32 

 

Chewing 

Folsomia 

quadrioculata 

(Tullberg, 

1871)  

 

Entomobryo-

morpha 

Isotomidae                

2.59 

 

Chewing 

Folsomia 

fimetaria 

(Linnaeus, 

1758) 

 

Entomobryo-

morpha 

Isotomidae                

2.41 

 

Chewing 

Isotomiella 

minor 

(Schäffer, 

1896) 

Entomobryo-

morpha            

Isotomidae 

 

1.27 

 

Chewing 
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Folsomia 

candida 

(Willem, 

1902) 

Entomobryo-

morpha            

Isotomidae 

 

2.21 

 

Chewing 

Heteromurus 

nitidus 

(Templeton, 

1835) 

Entomobryo-

morpha            

Entomobryidae 

 

1.07 

 

Chewing 

Orchesella 

cincta  

(Linnaeus, 

1758) 

Entomobryo-

morpha            

Entomobryidae 

 

1.62 

 

Chewing 

Entomobrya 

multifasciata 

(Tullberg, 

1871) 

 

Entomobryo-

morpha            

Entomobryidae 

1.45 

 

Chewing 

Tomocerus 

minor 

(Lubbock, 

1862) 

Entomobryo-

morpha               

Tomoceridae 

 

1.26 

 

Chewing 

Ceratophysella 

denticulata  

(Bagnall, 1941) 

 

Poduromorpha

Hypogastru-

ridae 

 

2.73 

 

Chewing 

Anurida 

maritima 

(Guérin, 1839) 

Poduromorpha 

Neanuridae 

 

2.79 

 

Scratching 

/Piercing 

Friesea 

mirabilis 

(Tullberg 

1871) 

Poduromorpha 

Neanuridae 

2.06 

 

Scratching 

/Piercing 

 

 

 

 

 
Micranurida 

pygmaea 

Börner, 1901 

 

Poduromorpha 

Neanuridae 

2.48 

 

Scratching 

/Piercing 

 

Neanura 

muscorum 

(Templeton, 

1835) 

Poduromorpha 

Neanuridae 

 

5.27 

 

Scratching 

/Piercing 
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Maxilla morphology was assessed as the ratio between length and width of maxilla for a 

subset of 16 species for which drawings of maxillae were available in Fjellberg (1998; 2007) 

(Table 2). Width was evaluated as the widest point on both sides of the maxilla. Length was 

measured as the length from the base of the maxilla to the top of the maxilla. In both 

parameters (width and length) any teeth and/or papilla were included in measurements if they 

were present. Although the functions of teeth and papilla (later in the text as maxillary 

lamellae) are not known, we considered them as potentially important structures in feeding 

behavior and we involved them in our measurements. For detailed figuration of 

measurements see the Supplementary material 2.   

Collembola phylogeny  

The 28S rDNA sequences of 32 of the species were obtained from GenBank (accession 

numbers given in Supplementary material 1) and an additional six species were newly 

sequenced Orchesella flavescens, Folsomia fimetaria, Isotomiella minor, Lepidocyrtus 

cyaneus, Bourletiella hortensis and Seira domestica (submitted to GenBank). For 

identification of the species we used the keys of Fjellberg (1998; 2007). The D1 and D2 

regions of the sequences were first individually aligned using the procedure Align by Muscle 

(Codons) in Molecular Evolutionary Genetics Analysis(MEGA) Software, Version 6.0 

(Tamura et al., 2013).Alignments were verified by eye using Mesquite software, Version 2.75 

(Tools for manual alignment, Move Blocks tool and Push Sequence tool) (Maddison and 

Maddison, 2004). The alignment results suggested that some parts of the D1 and D2 regions 

are much less conserved than others, with significantly high amounts of inferred indel events 

in these regions. Due to the uncertainty of the alignments in these regions, Gblocks was used 

to select confidently aligned regions for further analysis (Castresana, 2000; Talavera and 

Castresana, 2007). Gblocks settings were similar for both regions: Minimum number of 

sequences for A conserved position: 22; Minimum number of sequences for A flank position: 

35; Maximum number of contiguous non-conserved position: 8; Minimum length of a block: 

5; Allowed gap position: With Half. In the next step, D1 and D2 regions were joined 

manually and again aligned using Align by Muscle in MEGA. Subsequently, the output file 

was converted into a NEXUS file using BioEdit (Hall, 1999). 

http://mesquiteproject.org/mesquite2.71/Mesquite_Folder/mesquite/align/aAlignIntro/manualAlignment.html


 

44 

The construction of the phylogeny was then made using Likelihood-based Bayesian inference 

(Markov Chain Monte Carlo analysis) in MrBayes, version 3.2 (Huelsenbeck and Ronquist, 

2001; Ronquist and Huelsenbeck, 2003). Two million generations were run with four chains 

(Markov Chain Monte Carlo), the heating parameter set at 0.05, and a tree saved every 200 

generations. The first 2500 trees (25%) were discarded as burn-in and posterior probabilities 

were calculated using the remaining ones. The 50% majority-rule consensus trees were 

constructed with nodal values representing the posterior probabilities. We used Model Test, 

version 3.7 (Posada and Crandall, 1998) to find the best-fit nucleotide substitution model and 

obtain the parameters for the Maximum Likelihood (ML) analysis. The GTR + G model was 

found to fit our alignment data best, as determined by AIC. In the ML trees, we consider 

nodes with P80% boot strap as well-supported, and those with 60-80% as weakly-to 

moderately supported (Hillis and Bull, 1993).  

Correlations among functional traits 

The relationship between mandibulae, diet, vertical habitat stratification and reproduction 

mode was tested using Pagel‘s (Pagel, 1994) discrete method, which tests models of 

independent and dependent evolution for pairs of binary characters, as implemented in R vs. 

3.2.4 (function fitPagel with default model fitMK). For detailed description of the script see 

Supplementary material 3.The test compares the ratio of likelihoods of three models which 

can have values "xy", "x", or "y" and permits (respectively) the substitution rate of x to 

depend on the state of y and vice versa, the rate of x (only) to depend on the state of y, and, 

finally, the rate of y (only) to dependent on the state of x (Revell, 2012).P-values were 

calculated from 1000 simulated replicates and P-values were adjusted by Bonferroni 

corrections (Table 3). Specific comparisons were made between diet (three levels: 

microbivores, herbivores, scavengers/carnivores) and mandibulae (two levels: chewing, 

scratching/piercing); between diet and vertical habitat stratification (three levels: epigeic, 

hemiedaphic, euedaphic); as well as between vertical habitat stratification and sex (two 

levels: bisexual, parthenogenetic). For species with a mixed diet, the comparison between 

diet and other traits was made independently for each component of the mixed diet.  

Evaluation of phylogenetic signal in maxillae length to width ratio was done using the 

lambda method of Pagel (Pagel, 1994) in R vs. 3.2.4 (function phylosig [Revell, 2012]). For 
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detailed description of the script see Supplementary material 3. Pagel‘s λ (lambda) stands as a 

potential measure of phylogenetic signal, the extent to which correlations in traits reflect their 

shared evolutionary history (as approximated by Brownian motion). For this comparison we 

used a reduced phylogenetic tree with only the 16 species for which maxillae information was 

available. 

Results 

Phylogenetic reconstruction of Collembola relationships 

The phylogenetic reconstruction using the MrBayes method (Figure 1) gave highly similar 

results compared to a ML analysis employing the GTRG model (data not shown). The three 

Collembola orders included in this study (Symphypleona, Entomobryomorpha, and 

Poduromorpha) were retrieved in the phylogenetic tree with strong nodal support (99-100%), 

except for Entomobryomorpha, which was found to be paraphyletic due to the placement of 

the genus Tomocerusas a sister group of Poduromorpha (Figure 1).However, a similar 

position of the genus Tomocerus was found in other phylogenetic studies (D'Haese, 2002; 

Xiong et al., 2008).Based on the position in our phylogenetic tree, the family Neanuridae 

(e.g. Neanura muscorum, Anurida maritima, Friesea mirabilis) represented the most recently 

evolved species of the order Poduromorpha, which was also consistent with earlier 

phylogenetic reconstructions (D'Haese, 2002; 2003). 
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Figure 1 

Unrooted phylogenetic tree of 38 Collembola species based on the following traits: 1) Diet 

(light grey color indicates plant feeders; dark grey - fungal/bacterial feeders; light-grey 

strikethrough color - scavengers/predators); 2) Vertical habitat stratification: Epigeic (black-

grey strikethrough box); Hemiedaphic (grey lines box); Euedaphic (blank box); 3) 

Mandibulae (chewing type – black-white strikethrough box; Scratching/piercing types –grey 

box). Light-grey color of the branches represents order Symphypleona; white color - order 

Entobryomorpha; black color - order Poduromorpha. 4) Reproduction mode: Bisexual (Y); 

Parthenogenetic (X). Bootstrap values are indicated at the beginning of each branch.  
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Correlations among functional traits 

Phylogenetic correlation revealed a significant relationship between diet and mandibulae 

type, with scavengers/carnivores being associated with scratching/piercing mandibulae 

without a molar plate, while chewing mandibulae with a molar plate were associated with 

herbivores and microbivores (P<0.0003). The diet types herbivory and microbivory were not 

separately correlated with any of the mandibulae types (see Table 3). No significant 

correlation was found between diet type and vertical habitat stratifications, nor was vertical 

habitat stratification to be associated with reproduction mode (for P-values see Table 3).     

Table 3 

RESULTS OF PAGEL‘S CORRELATION TEST 

1000 simulations between diet types (Fungivores/bacterivores; Herbivores; 

Scavengers/predators), mouthparts morphology (mandibula: chewing, scratching/piercing,), 

vertical habitat stratification (epigeic, hemiedaphic, euedaphic) and reproduction mode 

(bisexual, parthenogenetic).  

Correlation(X-Y) fitMK  XY fitMK  X fitMK Y 

  

Plant-Atmobios 0.2139583 0.4726804 0.07428186 

Plant-Hemiedaphic 0.2584741 0.8032501 0.5719413 

Plant-Euedaphic 0.1466955 0.2141439 0.05488763 

Plant-Chew 0.6805502 0.306075 0.9703657 

Fungi-Atmobios 0.6807719 0.1421603 0.06963921 

Fungi-Hemiedaphic 0.4314682 0.198731 0.9367171 

Fungi-Euedaphic 0.871462 0.1614818 0.2056236 

Fungi-Chew 

 
0.3369365 0.130628 0.8390943 
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Predators-Atmobios 0.3657984 0.4754205 0.3070244 

Predators-Hemiedaphic 0.3684833 0.2165409 0.2387898 

Predators-Euedaphic 0.3987315 0.1853807 0.1808708 

Predator-Chew 0.002778913 0.0003055358* 0.007764982 

Bisexual-Atmobios 0.9099146 

 

0.6627086  

 

0.8826082  

 

Bisexual-Hemiedaphic 
0.3441793  

 

0.6275675  

 

0.1805569  

 

Bisexual-Euedaphic 
0.5668426 

 
1 

0.1989749  

 

Parthenogenetic-Atmobios 
0.3412448  

 

   0.1205221 

 

0.7905616 

 

Parthenogenetic-Hemiedaphic 
0.1769994  

 

0.04152793 

 

0.1119795 

 

Parthenogenetic-Euedaphic 
0.01905886 

 

0.01815498  

 

0.00932724 

 

 

Phylogenetic signal in the shape of maxillae 

There was no phylogenetic signal in the ratio of length to width in the maxillae according to 

the lambda method of Pagel (P< 0.44). However, more recent lineages of the Poduromorpha 

(family Neanuridae) showed a rather different structure of maxillae compared to the older 

lineages Symphypleona and Entomobryomorpha (Table 2), with no maxillary lamellae 

present (as indicated by the numbers in Table 2) or shown in the drawings of Fjellberg (1998; 

2007).  

Discussion 

In this study we examined Collembola diet in relation to mouthparts morphology, vertical 

habitat stratification and reproduction mode in a broader phylogenetic framework. We show 
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that a scavenger/carnivore diet is associated with a different mouthpart morphology than 

herbivory and microbivory, independently of the phylogenetic relationships (Figure 1, Table 

1,2). More specifically, we found that in the order Poduromorpha several species of the 

family Neanuridae, e.g., A. maritime, F.  truncata, F. mirabilis, N. muscorum and T. carolii, 

have adjusted to a scavenger/carnivorous lifestyle by structural modifications of 

maxillae(through loss of maxillary lamellae) and have evolved scratching /piercing  

mandibulae (Figure1, Table 1,2).This may be the consequence of a shift from a microbe-

feeding or herbivorous diet to a predatory or scavenging lifestyle in neanurids, although some 

neanurid species (N. muscorum, T. carolii and M. verrucosa) had a mixed diet including 

microbes and/or plant material as well. In contrast, species in the more basal families (orders 

Symphypleona and Entomobryomorpha) were found to have a diet of fungi and plant tissues 

(Figure 1), but no significant correlation was found between plant or fungal feeders and 

mandibulae morphology.  

Natural selection often drives convergence in morphological traits among related species 

occupying the same habitats or feeding on similar types of resources (Wake, 1991). A 

significant correlation between mouthparts morphology and diet has been described for 

several higher taxa such as fish, birds, and mammals, as well as for some invertebrates such 

as insects (Tobias, 1959; Carrascal et al., 1990; Winemiller, 1991; Manning and Goldblatt, 

1996; Johnson and Steiner, 1997; Jervis, 1998; Dumont et al., 2005; Mehta, 2009). 

Convergence in traits amongst unrelated species that exploit similar resources in different 

biogeographical realms has also been described (Labandeira, 1997). Other researchers have 

extensively studied the mouthparts of flower-visiting insects, relating them to plant-insect 

mutualisms or different adaptive and non-adaptive structures in insect feeding strategies 

(Kraft and Denno, 1982; Baggen and Gurr, 1999; Pellmyr and Krenn, 2002; Krenn and Plant, 

2005; Bronstein and Alarcón, 2006), however studies focusing on soil arthropods are mostly 

missing. Therefore, our study adds to the evidence for correlated evolution of mouthparts and 

diet specialization in soil arthropods. 

Vertical habitat stratification did not play a major role in explaining the variation in 

Collembola diet. For example, predatory Neanuridae live in the same vertical soil horizon as 

many microbe and plant tissue feeding species (this study; Hopkin, 1997). Several abiotic 
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factors, such as litter quality, soil pH levels, temperature and/or water availability may 

account for the similarities in the vertical distribution of different Collembola species (Krab 

et al., 2010; Berg, 2012).Our study also demonstrated that there is no correlation between 

reproduction mode and vertical habitat stratification when taking into account phylogeny. 

The asexual species in our study did not prevail in hemiedaphic and euedaphic strata (the two 

deepest soil horizons), as has been suggested previously (Chahartaghi et al., 2006). Built on 

similar results, Petersen (1980; 2002) claimed that the majority of parthenogenetic 

Collembola are euedaphic, suggesting that parthenogenesis is more common among species 

living deeper in the soil. However, none of these earlier studies used a phylogenetic 

approach, which may account for the difference in findings. 

If this is the case, can the ecological role of community members be predicted by their 

morphological characteristics? It is likely that differences in mouthparts between 

microbe/plant feeders and scavengers/predators are indicative of the physical resistance of the 

resources they consume. Maxillae with missing maxillary lamellae (e.g. Neanuridae) might 

be important when attacking and subduing prey, whereas maxillae possessing maxillary 

lamellae might be better equipped for grazing plant material. Our results indicate that closely 

related species have similar mouthparts morphology (chewing mandibulae in Symphypleona 

and Entomobryomorpha, scratching/piercing mandibulae in Neanuridae), however they can 

occur in the same vertical soil strata, suggesting that they fulfill a similar ecological role in 

each community.  

From a biodiversity point of view, soil ecosystems are often seen as the terrestrial equivalent 

of open marine ecosystems, where a high species diversity of zooplankton with similar 

dietary requirements co-exist in pelagic habitats (Huisman and Weissing, 1999). Anderson 

(1975) described ‗the enigma of soil animal species diversity‘ whereby high species diversity 

can often be found in soil habitats at small spatial scales, arguing that the mechanisms 

contributing to this high species richness were largely unknown. Almost 40 years later, the 

enigma is still largely unsolved, although it is now recognized that the dramatic variations in 

soil heterogeneity that often exist at very small spatial scales may contribute significantly to 

this diversity (Berg, 2012). These parameters include micro-climate, light and nutrient 

availability, moisture, temperature and soil physical structure that may strongly vary over a 

http://www.sciencedirect.com/science/article/pii/S0031405606000382#bib34
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relatively small vertical, as well as horizontal, gradient from the parent soil to the soil surface 

(Smith, 1975; Berg, 2012). Adding to this complexity is the fact that short-scale spatial 

variance exists in the presence or absence of living roots or dead/dying plant material. All 

these can influence the biology and ecology of soil biota, driving selection for trait 

specialization across very small vertical or horizontal scales.  

Our study is one of the first which test for correlations between biological, ecological and 

morphological traits in Collembola counting for phylogenetic relationships. The occurrence 

with which certain mandibulae (scratching/piercing) and maxillae (without maxillary 

lamellae) have evolved in separate family (Neanuridae) but not in the entire order 

(Poduromorpha) indicates the adaptive value of these structures for a scavenger/predatory 

feeding strategy. Additionally, not finding a correlation between reproductive mode and 

vertical habitat stratification contradicts the common belief that parthenogenetic species are 

preferably euedaphic.  

These phylogenetic correlations are indicative of the selective pressures linking different 

traits related to the biology of studied species, shedding new light on the broader context of 

diet evolution in this group of basal arthropods. Future work will build on this study and 

should help improve our understanding of the function of important feeding morphology 

traits and their relationship to traits as diet type and vertical habitat stratification. 
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Supplementary material 1 

Species D1 D2 

Allacma fusca EU376054.2 EU376054.2 

Anurida maritima  AJ251738.4 AJ251738.4 

Bourletiella hortensis KY235257 KY235257 

Ceratophysella denticulata HQ592717.1  HQ731991.1 

Ceratophysella gibbosa AF483362.1 HQ731992.1 
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Cryptopygus antarcticus HQ592746.1 HQ592746.1 

Entomobrya lanuginosa AF483365.1 AF483423.1 

Entomobrya multifasciata KC236276.1 KC236276.1 

Folsomia candida EU914252.1 EU914252.1 

Folsomia fimetaria  KY235258  KY235258 

Folsomia quadrioculata LK024322.1 LK024322.1 

Friesea mirabilis AF483368.1 AF483426.1 

Friesea truncata AF483369.1 AF483427.1 

Gomphiocephalus hodgsoni EF199969.2 EF199969.2 

Heteromurus nitidus KC236283.1 KC236283.1 

Hypogastrura viatica HQ732129.1 HQ732020.1 

Isotomiella minor KY235259 KY235259 

Isotoma viridis EU376052.2 AF483430.1 

Lepidocyrtus cyaneus KY235260 KY235260 

Kalaphorura paradoxa AF483373.1 AF483431.1 

Mesaphorura macrocheta AF483375.1 AF483433.1 

Micranurida pygmaea  AF483377.1 AF483435.1 

Morulina verrucosa AF483381.1 AF483439.1 

Neanura muscorum  AJ251733.2 AJ251733.2 

Onychiurus ambulans AF483384.1 AF483442.1 

Orchesella cincta KC236290.1 KC236290.1 

Orchesella flavescens KY235261 KY235261 

Protaphorura armata AF483391.1 AF483449.1 

Pseudosinella alba KC236295.1 KC236295.1 

Sinella curviseta EF192441.1 AF483454.1 

Seirra domestica KY235262 KY235262 

Sminthurus viridis AY859603.1 AY859603.1 

Thaumanura carolii AF483403.1 AF483461.1 

Tomocerus minor AF483406.1 JX261700.1 

Tomocerus ocreatus KC236303.1 KC236303.1 

Tomocerus varius FJ411417.1 FJ411417.1 

Willemia denisi  AF483408.1 AF483466.1 

Xenylla grisea  HQ732132.1 AF483467.1 
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Supplementary material 2 

 Allacma fusca 

 Sminthurus viridis 

 Tomocerus minor 

 Heteromurus nitidus 

 Orchesella cincta 

 Isotoma viridis 

 Folsomia candida 
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Folsomia fimetaria 

Folsomia quadrioculata 

 Isotomiella minor 

Entomobrya multifasciata 

Ceratophysella denticulata 

 Neanura muscorum 

 Anurida maritima 

 Friesea mirabilis 

Micranurida pygmaea 
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Supplementary material 3 

Pagel’s discrete correlation method 

Script: 

tree <- read.nexus(file="tree.nexus.con.tre") 

plot(tree, cex=0.7) #plot tree 

write(tree$tip.label, "tiplabel.txt") 

tree<-multi2di(tree) 

plotTree(tree) 

data <- read.table("data.csv", header=TRUE, sep=";") 

x<-as.factor(data$x) 

names(x)<-data$Species 

y<-as.factor(data$y) 

names(y)<-data$Species 

fit.xy<-fitPagel(mytree,x,y)    #(X is independent on Y and vice versa) 

fit.x<-fitPagel(mytree,x,y,dep.var="x") #(X's evolution is independent of Y) 

fit.y<-fitPagel(mytree,x,y,dep.var="y") #(Y's evolution is independent of X) 

fit.xy 

fit.x 

fit.y 
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4. De novo synthesis of linoleic acid in multiple 

Collembola species  

Miriama Malcicka, Joachim Ruther and Jacintha Ellers 

Journal of Chemical Ecology, 2017 9:911-919 
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Abstract 

Many ecological interactions in communities take place between consumers and the organism 

they feed on. Continuous surplus of specific nutritional compounds in the diet may lead to 

evolutionary changes in the metabolic capacity of the consumer, leaving the biosynthesis of 

such compounds prone to genetic decay and render organisms auxotrophic. A nutrient that is 

essential to many organisms is the unsaturated fatty acid, linoleic acid (LA; 18:2n-6), which 

is important in the maintenance of cell membrane fluidity and as a precursor for signalling 

molecules. LA is readily synthesized in bacteria, protozoa and plants, but it was long thought 

that all animals lack this ability. Although the majority of animals lack the ability for LA 

biosynthesis, an increasing number of studies have shown that LA is commonly synthesized 

in arthropods. Here, we investigated a basal hexapod group, Collembola, to shed light on 

early evolution of LA synthetic ability in arthropods and its relation to dietary composition. 

We use stable isotope labelling to detect biosynthesis of LA in Collembola fed with 
13

C-OA 

oleic acid (OA; 18:1n-9), a precursor of LA. Our data demonstrate that LA biosynthesis is 

common among Collembola with 10 out of 16 tested species being able to synthesize LA and 

4 species lacking this ability. However, we did not find clear evidence for a relationship 

between LA synthetic ability and the natural diet of species. Thus, the selective pressures 

underlying LA biosynthesis might be species-specific and further research will shed new light 

on understanding this evolutionary process.  

Introduction 

Among the key processes in ecological communities are trophic interactions between 

consumers and the organisms they feed on. Feeding interactions, such as predation, 

herbivory, and fungivory can be driven by the availability of the different food sources 

(Bernays and Graham, 1988), by adaptations in mouthpart morphology for food processing 

(Malcicka et al., 2017a), or by the need of consumers to balance the nutritional composition 

of their diet (Simpson et al., 2004). Deficiencies or surpluses in the nutritional composition of 

food items may lead to behavioural adjustment of feeding preferences, or to evolutionary 

changes in the functioning of nutrient processing enzymes (Klecka and Boukal, 2012; 2013). 

For instance, locust nymphs may regulate the intake of nutrients by using predominantly 

high-quality food sources (Berthoud and Seeley, 2000; Simpson and Raubenheimer, 2001), 
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whereas the larvae of the wax moth Galleria mellonella show increased heat dissipation to 

deal with the surplus of carbohydrates in their diet (Jindra and Sehnal, 1990).  

In addition to regulating nutrient acquisition via the food, organisms can also biosynthesize 

many nutritional compounds from basic constituents. Being autotrophic renders organisms 

less dependent on dietary quality, and is thought to be an evolutionary advantage if the diet is 

deficient in certain nutritional compounds. Vice versa, continuous dietary surpluses of 

specific nutrients can lead to inactivation of their biosynthetic pathways, leaving them prone 

to genetic decay or loss (Ellers et al., 2012). A well-known example is the loss of the ability 

for vitamin C synthesis in primates, where the presence of excess amounts of dietary vitamin 

C is thought to have rendered de novo synthesis redundant and mutation accumulation has 

been shown to compromise the function of the L-gulonolactone-oxidase gene that produces 

vitamin C (Chatterjee, 1973; Ohta and Nishikimi, 1999). Another example of is the lack of de 

novo lipid synthesis in parasitoid insects, which face a surplus of host lipids during their 

parasitic larval stage (Visser and Ellers, 2008; Visser et al., 2010). Hence, conditions of food 

availability and diet composition can create strong selective pressures on each of the 

biological processes involved in food acquisition and utilization. 

Recently, there is a growing interest in the requirement for essential fatty acids in animal 

diets, and the associated evolutionary changes in the function of desaturase enzymes 

(Hashimoto et al., 2008; Gostinčar et al., 2010; Zhang et al., 2014; Givens, 2015; Vogt et al., 

2016; Mensink et al., 2016). Essential fatty acids are poly-unsaturated fatty acids (PUFAs), 

which are necessary for the adaptation of membrane fluidity, and serve as an important 

precursor for a range of signaling molecules and sex/alarm pheromones (Belury, 2002; Meyer 

et al., 2003; Simopoulos, 2006; El-Yassimi et al., 2008; De Veth et al., 2009; Brandstetter 

and Ruther, 2016). PUFAs can only be biosynthesized by specific taxonomic groups. Plants, 

protozoa and bacteria possess a special type of desaturase, a ∆12 desaturase, which 

introduces a second double bond in oleic acid (OA, 18:1n-9) to synthesize the PUFA linoleic 

acid (LA, 18:2n-6) (Stanley and Loher, 1986). Most animals can only biosynthesize mono-

unsaturated fatty acids and rely on dietary intake for linoleic acid, making it an essential 

nutrient. 

https://scholar.google.nl/citations?user=-GgRkX4AAAAJ&hl=en&oi=sra
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It has long been thought that biosynthesis of linoleic acid was entirely absent in animals, and 

that LA should be acquired through consumption of primary producers. These assumptions 

were refuted when in 1961 Louloudes and his colleagues showed that an insect, the American 

cockroach Periplaneta americana, was able to synthesize LA de novo (Louloudes et al., 

1961). Since that time, a growing body of research on LA and other PUFAs has confirmed 

that LA can be synthesized by a range of different insects (de Renobales et al., 1986; Cripps 

et al., 1986; Aboshi et al., 2013; Shimizu et al., 2014, Blaul et al., 2014) and other 

invertebrates, including nematodes and pulmonates (Weinert et al., 1993; Wallis et al., 2002). 

Using isotope labeling studies, 25 out of 54 arthropod species studied were shown to be 

capable of de novo synthesis of LA, and these species are scattered throughout the phylogeny 

including nematodes, mites, pulmonates and insects, e.g. Blattodea, Orthoptera, Isoptera, 

Hemiptera, Hymenoptera, Neuroptera and Coleoptera (Chapter 6). Despite the widespread 

occurrence, however, the question remains where in the arthropods this trait originates and 

what drives the variation in the ability of producing LA. Biosynthesis of LA may enable 

species to exploit a broader range of dietary resources and therefore might be linked to a 

deficiency of the compound in the diet of a species. 

Here we are first to investigate a basal hexapod group, Collembola (springtails), with respect 

to their ability to biosynthesize LA and relate this to variation in their diet. Springtails are an 

informative group to study because of their phylogenetic position as basal hexapods within 

the Arthropoda, shedding light on the macro-evolutionary trajectory of LA synthetic ability. 

Also, their dietary composition is well-documented (e.g. Sauer and Ponge, 1988; 

Greenslade et al., 2002; Berg et al., 2004; Malcicka et al., 2017a) and not conserved across 

families (Berg et al., 2004). Springtail diet consists of a wide range of food sources including 

plant tissue and algae, decaying plant material, fungal hyphae and bacteria, and a smaller 

number of species are predators of nematodes and insect eggs or feed on carrion (reviewed in 

Christiansen, 1964; Hopkin, 1997). Algae and plant material are food sources that are 

extremely rich in PUFAs, with LA typically taking up to 25% to 30% of the total lipids (e.g. 

Van Dooremalen et al., 2011), while only some species of fungi can produce LA (Watanabe 

et al., 2000; Walters et al., 2004). 

In this study we used stable isotope labelling experiments to test whether Collembola are able 

to synthesize LA from OA. We fed Collembola on PUFAs-free yeast diet enriched with 
13

C-
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labeled OA (
13

C-OA) and identified the production of LA by using gas chromatography mass 

spectrometry (GC-MS). We hypothesize that Collembola species with a diet that consists 

predominantly of algae and plant material will lack the ability to produce LA de novo, while 

Collembola mostly feeding on fungi or with a mixed diet are expected to be capable of de 

novo LA biosynthesis. 

Material and methods 

Studied species and rearing  

Individuals of Folsomia candida (Willem, 1902), Folsomia fimetaria (Linnaeus, 1758), 

Orchesella cincta (Linnaeus, 1758), Folsomia candida (sexual strain) were obtained from a 

laboratory culture at the Vrije Universiteit in Amsterdam, the Netherlands. The culture of O. 

cincta originated from a pine forest (Roggebotszand, The Netherlands) and have been kept in 

the laboratory for approximately 20 years; F. candida and F. fimetaria cultures are from 

arable land at an experimental farm ―The Lovinckhoeve,‖ at Marknesse, the Netherlands and 

have been kept in the laboratory for about 17 years; F. candida (sexual strain) was collected 

in Cremona, Italy and kept for 2 years at laboratory in the Netherlands. Isotoma viridis 

(Bourlet, 1839), I. riparia (Nicolet, 1842) and Tomocerus minor (Lubbock, 1862) were 

collected during spring 2016 in Westzaan, the Netherlands. Ceratophysella denticulata 

(Bagnall, 1941) and Orthonychiurus rectopapilatus (Stach, 1933) originated from Slovak 

Karst, in Slovakia. Protaphorura fimata (Gisin, 1952), Vertagopus cinereus (Nicolet, 1841), 

Proisotoma minima (Absolon, 1901) were obtained from Russia, collected in Moscow area. 

Species of Proisotoma minuta (Tullberg, 1871), Heteromurus nitidus (Templeton, 1835), 

Sinella curviseta (Brook, 1882), Hypogastrura assimilis (Krausbauer 1898) and Entomobrya 

multifasciata (Tullberg, 1871) were received from the lab cultures in Denmark (Aarhus 

University).  

When the animals arrived at VU they were acclimated for 3 weeks before the start of the 

experiments. All cultures were kept in a climate-controlled room before and during 

experiments (temperature 20°C; relative humidity, 75%; photoperiod, 12:12-h light: dark). O. 

cincta and I. riparia were reared on tree branches covered with algae (since they do not 
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perform well when reared only on baker yeast), all other species were fed with commercially 

prepared baker yeast (Dr. Oetker).  

Feeding experiment  

To detect the occurrence of de novo synthesis of LA in Collembola we followed the 

technique of Blaul et al., (2014), which uses stable isotope labeling of food with  
13

C-labeled 

OA (
13

C-OA) and subsequently detects molecular ions of labeled linoleic acid methyl ester 

(for details see Fig. 1 and Blaul et al., 2014).   

Experimental animals were placed in groups of 20 individuals (5 biological replicates per 

species) for 4 days without food (to ensure empty stomach) in plastic pots (8x4x2 cm) with a 

bottom of moist plaster of paris. Subsequently, experimental food was given to each species 

ad libitum for a period of two weeks and food was refreshed every 3 days. Experimental food 

was prepared by mixing approximately 0.5g yeast (Saccharomyces cerevisiae) with 20µl of 

13
C-OA, 80µl of acetone, and 1ml of demineralised water, and subsequently shaking the 

mixture for 30s. The acetone was added in order to increase solubility of all food 

components. After shaking, we let the acetone evaporate from the food for 24h. PUFAs-free 

yeasts were cultured specifically for this purpose in order to avoid any contamination of non-

labeled PUFAs in the experimental food (for details see Supplementary material 1). At the 

end of the feeding period, there was no mortality and animals were frozen and stored until 

further analysis. 

Lipid extraction and transesterification of lipid extracts  

Depending on species‘ body mass, ten to twenty springtails (in total 1500µg of biomaterial) 

were pooled in a single sample for each species. All individuals in the sample were 

homogenized with a crusher and extracted for 30 min with 300µl of dichloromethane. The 

solvent was removed under a gentle stream of nitrogen, the raw lipid extracts were re-

suspended in 200µl of methanol and 20µl of 10% acetyl chloride dissolved in methanol and 

transesterified for 1 h at 60 °C. Subsequently 400 µl of a solution of sodium hydrogen 

carbonate (5%) were added and the FAME were extracted with 200µl of hexane. 
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Chemical analyses 

Chemical analyses were performed using a Shimadzu QP2010 Plus GC-MS system equipped 

with (a) a non-polar 30 m x 0.32 mm inner diameter BPX5 capillary column (film thickness 

0.25 µm) and (b) a polar 30 m x 0.25 BP20 capillary column (film thickness 0.25µm) (SGE 

Analytical Science Europe, Milton Keynes, UK). Samples (1 µl) were injected in splitless 

mode at an injector temperature of 300/240 °C (BPX5/BP20) using an AOC 20i auto 

sampler. Mass spectra were obtained in the electron impact mode at 70 eV. The scanned mass 

range was adjusted to m/z 35-600. The GC was operated with helium as carrier gas at a 

constant flow rate of 2 ml/min. The initial oven temperature for the BPX5 column was 50 °C, 

after 4 min the temperature was programmed at 3 °C/min to 280°C and held at this 

temperature for another 15 min. The initial temperature for the BP20 column was 80 °C (no 

isothermal phase) and was programmed at 3 °C/min to 240 °C (held for 10 min). 

Identification of unlabeled FAME was done by comparison of retention times on both 

stationary phases and mass spectra with those of authentic reference chemicals (reference 

mixture of 37 FAME, Sigma-Aldrich, Deisenhofen, Germany). For the detection of 

incorporated 
13

C in insect-derived LA, we checked the mass spectra at the expected retention 

times of LA methyl ester for the appearance of diagnostic ions m/z 312 ([13C18-M+]) and 

281/280 ([13C18-M+-31/32]) (Blaul et al. 2014). Labeling rates were calculated by relating 

the peak area of the labeled molecular ion (m/z 312) to the added peak areas of the respective 

unlabeled and labeled molecular ions (m/z 312 + 294). Acceptance of the experimental diet 

by the insects was concluded from the presence of 
13

C-OA methyl ester in the lipid extracts. 

This was done by a targeted search at the retention time of OA methyl ester for the diagnostic 

ions m/z 314 ([13C18-M+]) (Blaul et al., 2014). The presence of 
13

C-labeled LA showed that 

these species converted 
13

C-labeled OA into LA and it was analyzed by incorpotion rate. The 

incorporation rate relates only to LA. For instance, an incorporation rate of 1% means 1 % of 

the total LA is 
13

C-labeld. 
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Figure 1 

CHROMATOGRAPH OF GC/MS ANALYSIS 

Chromatograph of GC/MS analysis of transesterified lipid extracts from the springtail 

Ceratophysella denticulata which had been fed a yeast diet supplemented with 
13

C-labeled 

oleic acid. Shown are the total ion chromatograms (TIC) and extracted ion chromatograms 

(magnification factors given in brackets) of the molecular ions of unlabeled and labeled 

linoleic acid methyl ester (LAME, m/z 294 and 312), and oleic acid methyl ester (OAME, 

m/z 296 and 314), respectively. 

 

Phylogenetic analyses and diet  

An unrooted phylogenetic tree (Fig. 2) containing 17 collembolan species was modified 

following Malcicka et al., (2017a). Five additional species (Proisotoma minuta, P. minima, 

Vertagopus cinereus, Isotoma riparia, Orthonychiurus rectopapilatus) were placed on the 

tree based on their morphological and molecular positions (Carapelli et al., 2004; Stevens et 

al., 2006; Ma et al., 2017). Similarly, information about diet was obtained from Malcicka et 

al., (2017a) except for I. riparia, P. minuta and Hypogastrura assimilis (obtained from 

Simonsen et al., 1999; Chamberlain et al., 2006; Cortet et al., 2003, respectively). Collembola 

diet is divided in three major feeding guilds (following Morretti et al., 2017): 1) herbivores, 
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feeding on plant tissues including roots, leaves, pollen, mosses, algae and lichens; and 2) 

fungivores, feeding on fungal hyphae and bacteria 3) predators, feeding on carrion, 

nematodes, other Collembola and invertebrate eggs. 

Results 

FAME analysis of Collembola fed on a diet supplemented with 
13

C-OA  

FAME analysis revealed that ten out of 16 species in this study (Folsomia candida, 

F.candida (sexual strain), Proisotoma minima, P. minuta, Entomobrya multifasciata, 

Heteromurus nitidus, Sinella curviseta, Protaphorura fimata, Orthonychiurus rectopapilatus, 

Ceratophysella denticulate, Hypogastrura assimilis) produced detectable amounts of 
13

C-

labeled LA when fed with a diet containing 
13

C-labeled OA. The presence of 
13

C-labeled LA 

showed that these species converted 
13

C-labeled OA into LA (Tab. 1). Incorporation rates 

ranged from < 1% in the asexual strain of F. candida up to > 20% in E. multifasciata. In 

seven species no 
13

C-labeled LA was detected, which could be due to lack of LA synthetic 

ability or because the animals did not feed on the experimental diet containing 
13

C-labeled 

OA. Therefore we checked for presence of 
13

C-labeled OA in these species. In three of the 

species, neither the 
13

C-labeled OA precursor nor 
13

C-labeled LA was detected suggesting 

that these species did not accept the experimental diet. Hence, the ability to produce LA 

remains unknown in these species.  

In the four other species, F. fimetaria, I. viridis, I. riparia, and O. cincta, the 
13

C-labeled OA 

precursor was found, albeit at low amounts. Therefore, the lack of 
13

C-labeled LA in these 

species indicates that these species are not capable of synthesizing LA from OA. To ensure 

that the lack of LA synthesis was not due to high levels of unlabeled LA resulting from the 

pre-experimental diet we measured the molecular ion of unlabeled linoleic acid methyl ester 

(LAME, m/z 294) which represents the storage of LA in animals preceding the experiment. 

In all species unlabeled LA was detected and there was no significant difference in LA levels 

between the species that lacked LA synthesis and those that did biosynthesize LA. 
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Figure 2 

PHYLOGENETIC TREE WITH LA BIOSYNTHESIS 

An unrooted phylogenetic tree of 16 collembolan species and their ability for LA production. 

Phylogenetic tree is based on 28S DNA and modified from Malcicka et al., (2017a). Tick: LA 

biosynthesis LA; Cross: lack of LA biosynthesis; Question mark: unknown (species did not 

accept the experimental diet). 
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Table 1 

RESULTS OF THE FEEDING EXPERIMENTS 

Results of the feeding experiments with different springtail species using a yeast diet 

supplemented with fully 
13

C-labeled oleic acid (OA). Species in which no labeled OA methyl 

ester was detected were assumed to have rejected the offered food source.  n.d. = not labeled 

LA detected; * detection of diagnostic m/z 314 at the retention time of oleic acid methyl 

ester;  analyses not done; + labeled OA detected;  
#
calculated by relating the peak area of 

the labeled LA methyl ester (m/z 312) to the added peak area of labeled and unlabeled LA 

methyl ester (m/z 312 + 294) in three samples with five biological replicates (1,2,3); P = 

herbivores; F = fungivores; N=predators. 

 

 Species Suborder/Family 
natural labeled 

LA 
13

C-incorporation
#
 

(%) 
LA 

biosynthesis 
diet OA?* 1 2 3 

Folsomia 

candida 

Entomobryomorpha/ 
P, F + 0.7 0.3 0.5 yes 

Isotomidae 

F.candida 

(sexual strain) 

Entomobryomorpha/ 
? + 2.4 2.2 4.0 yes 

Isotomidae 

F. fimetaria 
Entomobryomorpha/ 

F + n.d n.d. n.d no 
Isotomidae 

Isotoma viridis 
Entomobryomorpha/ 

F + n.d n.d.  no 
Isotomidae 

I. riparia 
Entomobryomorpha/ 

P + n.d n.d. n.d no 
Isotomidae 

Proisotoma 

minima 

Entomobryomorpha/ 
? + 6.1 9.0 6.2 yes 

Isotomidae 

P. minuta 
Entomobryomorpha/ 

P,F,N + 6.7 7.4 5.8 yes 
Isotomidae 

Vertagopus 

cinereus 

Entomobryomorpha/ 
? n.d. n.d   ? 

Isotomidae 

Entomobrya Entomobryomorpha/ P + 22.4   yes 
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multifasciata Entomobryidae 

Tomocerus 

minor 

Entomobryomorpha/ 
P, F n.d. n.d   ? 

Tomoceridae 

Heteromurus 

nitidus 

Entomobryomorpha/ 
F + 5.4 5.5  yes 

Entomobryidae 

Orchesella 

cincta 

Entomobryomorpha/ 
P, F + n.d n.d. n.d no 

Entomobryidae 

Sinella 

curviseta 

Entomobryomorpha/ 
F + 14.2 13.4 11.5 yes 

Entomobryidae 

Protaphorura 

fimata  

Poduromorpha/ 
P,F,N + 1.4   yes 

Onychiuridae 

Orthonychiurus 

rectopapilatus 

Poduromorpha/ 
? + 8.9 11.0 14.5 yes 

Onychiuridae 

Ceratophysella 

denticulata 

Poduromorpha/ 
F + 6.0 5.0 12.6 yes 

Hypogastruridae 

Hypogastrura 

assimilis 

Poduromorpha/ 
F + 11.3 9.1 8.6 yes 

Hypogastruridae 

 

Discussion 

The biosynthesis of linoleic acid was investigated in the basal hexapod group of Collembola, 

using stable isotope labelled food with 
13

C oleic acid, the precursor of LA. Our results clearly 

demonstrate biosynthesis of LA in 10 Collembola species, and absence of LA biosynthesis in 

four species. LA synthesis was found in species of all four major Collembola families 

included in this study (Isotomidae, Entomobryidae, Onychiuridae, and Hypogastruridae), but 

not in Tomoceridae. However, within genera, no phylogenetic conservation was found in LA 

production (c.f. F. candida and F. fimetaria) (Tab. 1; Fig. 2).  

These data reveal that the capability of synthesizing linoleic acid is widespread in 

Collembola, and suggest that LA synthesis is the ancestral state in this group and thus LA 
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may not be an essential fatty acid for many of these hexapods. We did not find evidence for a 

relationship between LA synthetic ability and the natural diet of species, leaving open which 

selective forces determine the variation in LA synthetic ability (Tab. 1). Below, we will 

discuss how these results modify our current knowledge about the evolution of the capacity to 

de novo synthesize LA across the arthropods. 

Our analyses showed that incorporation rates of 
13

C-LA in different collembolan species 

ranged from less than 1% up to over 20%. Clearly, there is variation among species in de 

novo production rate of LA, which potentially reflect among-species differences in 

evolutionary selection pressure on this trait. Selection for the rate of LA biosynthesis could 

depend on the amount of linoleic acid present in the diet (see Tab. 1), as high levels of dietary 

LA would make de novo synthesis redundant. Therefore, we hypothesized that Collembola 

species with a diet that consists predominantly of algae and plant material would not possess 

this trait since plant and algae material contain high amount of LA. In contrast, Collembola 

mostly feeding on fungi material would be capable of de novo LA synthesis as fungi 

generally are unable to produce LA or contain low quantities of this component. Our results 

did not confirm this hypothesis as we did not find consistent differences in LA synthetic 

ability between the three major feeding guilds of Collembola, herbivores, fungivores and 

predators. Species capable of LA synthesis mostly had a mixed diet (both plant and fungal 

material) and therefore should be available to acquire LA as part of their diet. Furthermore, 

fungivorous species such as I. viridis were not capable of LA synthesis, whereas fungi are 

generally not rich in LA (Watanabe et al., 2000; Walters et al., 2004). LA biosynthesis is also 

seen in other arthropod species with high amounts of LA in their diet, such as mites 

(Tyrophagus putrescentiae, T. similis) (Matsumura et al., 2009; Erban et al., 2015) and 

certain aphid species (Myzus persicae, M. cerasi) (Van Emden et al., 1969; Karczewska, 

1970; Strong, 1963; Cripps et al., 1986; Aboshi et al., 2013; Shimizu et al., 2014). On the 

contrary, two other aphid species (Acyrthosiphon pisum and Aphis evonymi) with a dietary 

source of LA (Kennedy and Booth, 1951; Dixon, 1998) do not biosynthesize LA (Greenway 

et al., 1974; Blomquist et al., 1982; De Renobales et al., 1986). This inconsistency between 

diet and LA synthesis is therefore not confined to Collembola species, and suggest that other 

selective factors play a role.  
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Recently, there has been an increased appreciation of the role of the microbiome community 

in providing nutritional services to their hosts. Intracellular symbionts and gut microbionts 

can produce vitamin K and several vitamins from group B as the vitamin source for humans 

and animals (Cummings and Macfarlane, 1997; Hooper et al., 2002; Kikuchi et al., 2011), 

and other bacteria provide crucial amino acids or iron resources for their hosts (Guerinot, 

1991; Graf and Ruby, 1998). Although there are currently no known examples of 

microorganisms contributing to the biosynthesis of LA, this possibility cannot be excluded in 

our experiments. In previous research, a number of experiments were performed to examine 

this possibility (Wharton and Lola, 1970; Dwyer and Blomquist, 1981; Blomquist et al., 

1982; Stanley-Samuelson et al., 1987; de Renobales et al., 1986; Borgeson et al., 1991). For 

instance, several tissues of crickets and cockroaches (Acheta domestica and Periplaneta 

americana) were tested for LA production under axenic conditions, or were treated with 

antibiotics (Acyrthosiphon pisum) to demonstrate that microorganisms are not involved in the 

biosynthesis of LA (de Renobales et al., 1986; Borgeson et al., 1991). In these three distinct 

taxa, microorganisms have thus been excluded as sources of LA. However, observations on 

LA accumulation in invertebrates should still be considered with caution as the involvement 

of microorganisms in the biosynthesis of LA (Roughan and Slack, 1982) is difficult to rule 

out completely. Possibly, the only way to exclude microbial production of LA is through 

finding a gene responsible for LA activity as it was demonstrated in the house cricket Acheta 

domestica and red flour beetle Tribolium castaneum (Zhou et al., 2008).  

Putting the capacity for LA biosynthesis in a phylogenetic context shows that linoleic acid 

production is widespread among Collembola families and the phylogenetic pattern strongly 

suggests that LA biosynthesis may be an ancestral trait in this group, or was acquired early in 

the evolution of Collembola. Because Collembola have a basal position in the hexapods, this 

finding may shed new light on the evolution of LA synthesis in other hexapods, including 

insects. Moreover, other basal arthropod groups, e.g. nematodes, mites and crustaceans have 

also proven to be capable of LA synthesis (de Renobales et al., 1986; Cripps et al., 1986; 

Weinert et al., 1993; Wallis et al., 2002). Thus, we can speculate on the most likely 

evolutionary scenario, but certainly this will involve multiple independent gains or losses in 

Collembola as well as other arthropod groups (Orthoptera, Isoptera, Hemiptera) as a result of 

adaptation to LA shortage (Blaul et al., 2014). The conclusion that several early arthropod 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Cummings%20JH%5BAuthor%5D&cauthor=true&cauthor_uid=9406136
https://www.ncbi.nlm.nih.gov/pubmed/?term=Macfarlane%20GT%5BAuthor%5D&cauthor=true&cauthor_uid=9406136
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groups harbour species including Collembola can biosynthesize LA suggests an appealing 

evolutionary question whether this is a primitive or derived character. Future studies of the 

other invertebrate Δ12 desaturases at the molecular level should help to answer this question. 

In this study, we examined the de novo biosynthesis of LA in the hexapod group of 

Collembola. From 16 studied species, ten species showed the ability of this trait by 

converting 
13

C-OA into linoleic acid and four species were not able to do so. Additionally, no 

nutritional pattern was discovered among those species. Collembola typically feeding on diets 

rich in LA comprised species that are able to synthesize LA as well as those without this 

ability. The question remains what other selective pressures may underlie loss or gain of LA 

biosynthesis. The nutritional importance of LA is manifold, with functional roles in the 

physical properties of cell membrane, the immune system, and as the main substrate for the 

synthesis of other PUFAs (Stanley-Samuelson et al. 1988). Further investigation of this trait 

in invertebrates would therefore shed light on the evolutionary pressure underlying LA 

biosynthesis.  

Acknowledgment 

The authors would like to thank Matty P. Berg (Vrije Universiteit of Amsterdam, the 

Netherlands), Vladimír Šustr (University of South Bohemia in České Budějovice, Czech 

Republic), Anton Potapov (Lomonosov Moscow State University, Russia) and Martin 

Holmstrup (Aarhus University, Belgium) for providing us with Collembolan species and 

Marijke Wagner (Vrije Universiteit of Amsterdam, the Netherlands) for cultivating yeast. 

Research was supported by grant from The Netherlands Organization for Scientific Research 

[NWO, VICI grant 865.12.003]. 

Supplementary material 1 

Yeast preparation 

Into two tubes add 10ml of medium and 0.4ml of 50% glucose. With loop move the cells 

from agar plate and grown overnight at 30
o
C, shaker on 200rpm. In duplo. Spinning down: 

10minutes 4500rpm, supernatant discarded, cells washed  with 15-20mL  0.1M KPi (buffer) 

pH 6.8 and pooled in new tube (empty tube=14.42g). Spinning down 10 minutes 4500rpm, 

discarded supernatant.  
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Abstract 

Sexual selection is an ongoing evolutionary process between males and females influenced 

by environmental factors. When assessing the quality of a potential mate, females deal with 

diverse signals that vary in the information they convey about the morphological, 

physiological or life-history characteristics of the male. One of the factors that influence the 

composition of olfactory signals in mate choice is a species‘ diet. Diet-dependent mate choice 

might benefit a female’s reproductive success, because diet can impact a male‘s condition as 

well as the quality of his sperm. A dietary nutrient with crucial functions for immune 

response, reproduction and cell membrane integrity is the polyunsaturated fatty acid, linoleic 

acid (LA; 18:2n-6). LA also plays a critical role in sex pheromone production. Although LA 

is essential to the majority of animal species, an increasing number of invertebrate species 

have been shown to biosynthesize LA, but it is unknown how this affects female mate choice. 

Here, we investigated dietary preference and female mate choice in the basal hexapod group 

Collembola, in relation to their LA biosynthetic abilities. Using three species capable of LA 

biosynthesis (Folsomia candida, Sinella curviseta, Ceratophysella denticulata) and three 

species lacking this trait (Orchesella cincta, Folsomia fimetaria and Isotoma riparia), we 

studied dietary preference for food with or without LA-enrichment, as well as female 

preference for spermatophores deposited by males reared with or without LA-enriched food. 

Our data demonstrate that all six tested species have a clear preference for LA-enriched food, 

but female choice for spermatophores varied among species. We conclude that LA might be 

an important component in mating signals for some species, whereas in all studied species it 

plays a crucial role for a species‘ diet choice. The future studies should focus on detailed 

structures of sex pheromones in Collembola and thorough investigation of dietary FA profiles 

can reveal how LA shape sexual selection and diet preference in springtails.  

Introduction  

Natural and sexual selection often act simultaneously on the same trait, either synergistically 

or antagonistically, and such simultaneous selection pressures make it more difficult to find 

commonalities in how and why adaptations evolve. Often, secondary sexual traits and mate 

preferences are costly for organisms and environmental heterogeneity can cause the intensity 

and direction of selection (Kotiaho, 2000; Kotiaho, 2001; Panhuis et al., 2001; Candolin et 
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al., 2006; Long et al., 2009). For instance, in a coastal fish Gasterosteus aculeatus a higher 

amount of algae in a fish’s environment increases the costs of mating by inducing an increase 

in the time and energy spent on courtship and mate choice (Candolin et al., 2006). Thus, 

investing into the costly sexually selected traits can be maladaptive under the new 

environmental conditions and can have a negative effect on the population. Therefore, a key 

goal in evolutionary biology is to disentangle the forces of natural and sexual selection on a 

trait and how environmental conditions interact with the potential to attract and choose the 

best mate and increase reproductive success. 

Natural and sexual selection are not only entwined in the evolution of new adaptations but 

also in the loss of formerly adaptive traits, as both can be driving selection against a trait or 

causing relaxed selection on a trait (Ellers et al., 2012). Trait loss has long been considered an 

evolutionary dead-end due to the reduced evolutionary potential of species (Bridgham et al., 

2009; Hoffmann and Sgrò, 2011). However, trait loss can occur without affecting the 

phenotype if the function is maintained due to symbiosis with a biological partner or 

environmental provision (Xu et al., 2007; Suen et al., 2011; Ellers et al., 2012). One of the 

environmental factors which are contributing to the variance in male sexual traits is the 

importance of dietary nutrition which affects the sexual traits. Often, biosynthetic functions 

for obtaining this nutrition are frequently lost, resulting in dependency on a biological partner 

or on environmental uptake of the corresponding metabolite or dietary provision of the 

nutrient (Ellers et al., 2012, D‘souza et al., 2014; D‘Souza and Kost, 2016). The production 

of metabolites is often subject to simultaneous natural and sexual selection since metabolites 

may not only be necessary for body maintenance and functioning but also for the production 

of pheromones involved in sexual communication (Kiszewski et al., 2001; Sonenshine, 

2006).  

An important biosynthetic function that is a subject to both natural and sexual selection is the 

biosynthesis of linoleic acid (LA). LA is an essential fatty acid for the majority of animals 

and thus must be obtained via a plant-based diet. LA ensures a variety of body maintenance 

and reproductive functions within organisms, including roles in cell physiology and 

signalling, modulation of immune function through its effect on eicosanoid synthesis, 

involvement in egg-laying behaviour of some insects and vertebrates and regulation of sex 

pheromones (Stanley-Samuelson, 1991; Chuang et al., 2001; Belury, 2002; Brown et al., 



 

74 

2004; El-Yassimi et al., 2008; De Veth et al., 2009; Brandstetter and Ruther, 2016). For a 

long time, it was though that only Bacteria, Protozoa and plants can biosynthesize LA. 

Recent research, however, has shown that this ability is also widespread in arthropods, 

including numerous species within the Crustacea, Nematoda, Acari, Collembola, Coleoptera 

and other insect species (Malcicka et al., 2017b; Malcicka et al., 2018). Moreover, it has been 

hypothesized that a diet lacking in LA could be one of the selective forces driving LA 

synthetic ability, but so far no conclusive relationship was found between dietary deficiency 

of LA and LA synthetic ability (Malcicka et al., 2017b; 2018).   

The present study investigates the relationship between dietary LA content and the olfactory 

attractiveness of spermatophores in Collembola. In a first experiment, we tested the feeding 

preference of three Collembola species capable of LA biosynthesis (Sinella curviseta, 

Ceratophysella denticulata and a sexual strain of Folsomia candida,) and three species 

lacking this trait (Orchesella cincta, Folsomia fimetaria and Isotoma riparia). All species 

were offered food with and without LA in a choice experiment. We hypothesized that species 

incapable of LA biosynthesis will choose food containing LA, whereas species with LA 

synthetic ability will show no preference. However, if biosynthesis of LA has metabolic 

costs, we would expect that the later species would prefer food already containing LA. In the 

second experiment, we tested the effect of dietary LA content on attractiveness of 

spermatophores of males in four species of Collembola (F. candida, F. fimetaria, S. curviseta 

and O. cincta). Diet is a significant factor shaping chemical signals in animals and some 

dietary components are converted directly into pheromones (Henneken et al., 2017). We 

expect that in species not capable of LA synthesis females will prefer spermatophores 

deposited by males fed on diets containing LA supplement because LA is an important 

compound of sex pheromones which can enhance the reproductive success (Brandstetter and 

Ruther, 2016). However, even when organisms are capable of LA biosynthesis, they may not 

produce sufficient amounts of LA to support their needs, still requiring dietary supplement 

for optimal performance. In this case we expect females of all species to prefer 

spermatophores produced by LA fed males. 
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Material and Methods 

Animal culture and food preparation 

Orchesella cincta (Linnaeus, 1758), Folsomia fimetaria (Linnaeus, 1758), F. candida, Sinella 

curviseta (Brook, 1882), Ceratophysella denticulata (Bagnall, 1941) and Isotoma riparia 

(Nicolet, 1842) were obtained from laboratory cultures at the Vrije Universiteit, Amsterdam, 

the Netherlands. The origin and history of these species is described in more detail in 

Malcicka et al., (2017a). Before and during the experiments, species were kept in a climate-

controlled room (temperature, 20°C; relative humidity, 75%; photoperiod, 16:8-h light: dark).  

Enriched food (LA+) for all species was prepared by mixing approximately 0.5g of cultured 

yeast (Saccharomyces cerevisiae) (see Malcicka et al., 2017b) with 20µl of LA methyl ester 

(Sigma, Germany), 80µl of acetone, and subsequently shaking the mixture for 30s. The 

acetone was added in order to increase solubility of all food components and after shaking we 

let it evaporates from the food for 24h. Control food (LA-) contained the same ingredients 

except LA methyl ester. Before the beginning of the experiment, the enriched and control 

food were offered and accepted by all species. 

Feeding preference experiment of different collembolan species  

A choice experiment was performed to test if all six Collembola species preferentially feed 

on food enriched in LA. First, species were synchronized in cultures to ensure the same age. 

After hatching, fifty individuals per species were kept separated in small vials (1.5cm 

diameter, on moist plaster of Paris) and fed on their regular food on which they have been 

cultured in the laboratory. Folsomia candida, F. fimetaria, S. curviseta and C. denticulata 

were fed with baker‘s yeast (Dr. Oetker), while O. cincta and I. riparia were offered small 

twigs covered with green algae. Both diets contained LA (Herrgard et al., 2008; Dooremalen 

et al., 2011). After seventeen days, all fifty individuals of each studied species were starved 

for four days before the start of the experiment.  

At the start of each trial, LA enriched food and control yeast were placed in different 

positions 2 cm from each other in a Petri dish (6 cm in diameter, with moist bottom of plaster 

of Paris) and then a single individual was added each time on different place in the Petri dish. 

Each individual was recorded for a maximum of 30min. If an individual had grazed on the 
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food for more than 10min it was recorded to have made a choice. If the individual spent less 

than 10min of continuous grazing on the same food or if it never started grazing on any food, 

this was recorded as ‗no-choice‘ and the trial was discarded. Each test used a new individual, 

a new Petri dish with fresh food, and the position of the food sources and the studied 

individuals was changed to avoid unintended biases caused by the set-up. 

Description of reproductive characteristics of species used in spermatophore choice trails 

Orchesella cincta exhibits reproductive and non-reproductive instars, separated by moults 

(Joose et al., 1972; Gols et al., 2004). At 20°C, reproductive instars generally last 5 days and 

non-reproductive instars 4 days. During reproductive periods, males deposit spermatophores 

even in the absence of females. The female‘s receptive phase is limited to 48h after the last 

moult and the reproductive phase can be only confirmed when female picks up a 

spermatophore, followed by egg laying (Zizzari and Ellers, 2014).  

Folsomia candida is known to have sexual and asexual populations (Tuli et al., 2015). In this 

experiment we used a sexual strain, as this strain has been shown to synthesize LA. 

Reproductive and non-reproductive instars of F. candida are also separated by moults. 

Female‘s reproductive phases are approximately 3-4 days long followed by a 3-4 day long 

non-reproductive period. Males and females differ in size, females being bigger than males in 

a synchronized culture (A.A. Kampfraath and Z.V. Zizzari, unpublished data).   

The first reproductive phase of F. fimetaria and S. curviseta was observed after the first 

moulting in females and with deposition of the first spermatophore in males. In a 

synchronized culture of F. fimetaria, sex was discerned by size differences because adult 

females are much larger than adult males (Jensen et al., 2001), while the sex of S. curviseta 

could by only distinguish by the deposition of a spermatophore. 

Spermatophore choice trials of O. cincta, F. candida, F. fimetaria and S. curviseta 

We performed two spermatophore choice experiments: a pilot experiment to test if females 

were attracted to spermatophores of their own species and second, a choice experiment to test 

if male diet, i.e. with and without LA, affected female spermatophore choice.  
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In the pilot experiment, twenty virgin females of each tested species were offered a single 

fresh spermatophore obtained from males in laboratory culture. We scored if females took up 

the spermatophore. The enriched set up was identical as in the choice experiment (see below).  

At the beginning of the choice experiment, animals were synchronized and after hatching 

were kept separately in small vials. Males and females of all species were reared on their 

regular laboratory diet until sex could be determined (app. after 17 days). After recording the 

sex, males were starved for 4 days and subsequently fed with LA+ or LA- food for one week, 

while females were kept on their regular laboratory diet during the whole experiment. Male 

vials were checked for the presence of spermatophores daily, ensuring that we used freshly 

deposited spermatophores for the experiment. 

A single spermatophore taken from each of the two diet-groups (LA+ and LA-) was 

transferred with a miniature scoop into a Petri dish (6 cm in diameter) app. 2cm from each 

other. A single virgin female was placed into the Petri dish and her behaviour was observed 

for 30min. Females that picked-up one of the spermatophores, were carefully transferred back 

into their individual vial using a small exhauster and checked for the production of eggs for 

the subsequent 1-2 days. If eggs were found, the female was considered to have been 

reproductive and her choice was included in the analysis. Females that did not pick-up 

spermatophores nor lay eggs were removed from the analyses. Each female was tested only 

once, always in a new Petri dish, with new spermatophores. As described above for the 

feeding experiment, the position of the spermatophores and females in the Petri dish was 

randomized among trials.  

Statistical methods 

Generalized linear models were used to test if the preference for LA+ and LA- food differed 

between species capable of LA synthesize and species not capable of LA synthesis. We used 

a generalized linear model with a binomial error structure. The response variable was the 

number of times LA+ food was chosen, with the total number of tests as the binomial 

denominator. LA-synthetic ability was the only fixed effect; species was not in a model as a 

factor. Significance of LA-synthetic ability was assessed by dropping this term from the 
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model and comparing the resulting change in deviance to a chi-square distribution. Statistical 

analyses were performed using R (version R-3.2.4). 

Results 

Food choice of different Collembola species 

Generalized linear models to test the feeding preference revealed that species showed 

significant preference for food enriched in LA, irrespective if species could biosynthesize LA 

or not (Fig. 1; F = 16.61, P < 0.01; df= 2; F = 32.12; P < 0.01). However, there were 

significant differences between the two groups; LA+ species (F. candida, S. curviseta and C. 

denticulata) and species LA- (O. cincta, F. fimetaria and I. riparia) in choosing LA+ food; (F 

= 24.51;df=1; P < 0.10).  

 

Figure 1 

FOOD CHOICE OF COLLEMBOLA 

The food choice of six Collembola species in a choice test (%). Folsomia candida, S. 

curviseta and C. denticulate has LA synthesized ability, O. cincta, F. fimetaria and I. riparia 

lack LA synthetic ability. X axis represents the percentage of individuals, Y axis stands for a 

species. % LA – (right side)/ % LA + (left side). 
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Spermatophore choice  

On average, in the female choice test, 96% of all females took up a spermatophore. On 

average, only 2 females per species did not lay eggs after picking up a spermatophore. There 

were significant differences between the Collembola species with the ability to synthesize LA 

(F. candida, S. curviseta) versus the species that cannot (O. cincta, F. fimetaria) in choosing 

spermatophores of males fed with LA+ or LA- food (Chi-square, df= 1; P < 0.01). In F. 

candida and F. fimetaria significantly more females took up a spermatophore from males fed 

on LA- food (Fig. 2; F = 23.42, df= 3; P < 0.01), while O. cincta females chose significantly 

more often the spermatophores laid by males fed on LA+ food (Fig. 2; F = 19.12,df= 2; P < 

0.01). There was no difference in choosing LA+ or LA- spermatophore for females of S. 

curviseta (Fig. 2; F = 32.51, df= 2; P < 0.91).  

 

Figure 2 

SPERMATOPHORE PREFERENCE OF F. CANDIDA, F. FIMETARIA, S. CURVISETA 

AND O. CINCTA 

Discussion 

In our study, we provided evidence that all six studied Collembola species preferred food 

containing LA supplement, regardless of their ability for LA biosynthesis. In spermatophore 

choice tests, females of F. candida and F. fimetaria showed a strong preference for taking up 

spermatophores laid by males fed on a diet without LA, while O. cincta females 
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preferentially took up spermatophore from males fed on a LA+ diet. No distinction for 

spermatophores of LA+ or LA- fed males was found in S. curviseta.  

Our data did not reveal a relationship between a species‘ ability of de novo LA synthesis and 

feeding preference since all studied species gave preference for LA-enriched food. This 

supports a hypothesis that biosynthesis of LA might be metabolically costly to species and 

therefore obtaining it via their diet might be more energy efficient. Another plausible 

explanation might be that all LA synthetic species require LA at a higher rate for their 

physiological functions (production of eggs, sex pheromones, etc.) than they are able to 

synthesize it and therefore choosing LA+ food allows a more liberal use of LA in these 

functions. However, this is in apparent conflict with our results in the spermatophore choice 

test. No consistent pattern of preference for spermatophores deposited by LA+ and LA- fed 

males was found, with some species even preferring spermatophores produced by males 

without LA in their diet. If either of the above mentioned hypotheses were true, LA would 

represent a costly and limiting metabolite making it a likely candidate for honest signalling of 

males from both species with and without LA synthetic ability. Below, we will discuss how 

these results modify our current knowledge and thinking about the utilization and acquisition 

of LA in Collembola. 

In the previous studies about de novo synthesis in Collembola and other arthropods it was 

discovered that even herbivores, which have a diet that is rich in this essential fatty acid, still 

produce their own LA (Malcicka et al., 2017b; 2018). However, there were noteworthy 

variances in the LA production between species, which might be explained by species 

differences in LA utilization (Malcicka et al., 2017b). In our study, we examined six 

collembolan species, which differ in their habitat range and diet. For instance, F. candida, F. 

fimetaria, S. curviseta are soil-dwelling species preferably feeding on fungal material (LA- 

food), while O. cincta, C. denticulata and I. riparia are surface-dwelling species and partly 

graze on algae (LA+ food). Surface- and soil-dwelling species are exposed to different 

adverse environmental conditions (van Dooremalen et al., 2013). Some species, such as those 

regularly exposed to stressful environmental conditions may require much higher amounts of 

LA compared to even closely related species that inhabit more hospitable environments 

(Gostinčar et al., 2009; Lu et al., 2009; Iskandarov et al., 2010; Chodok et al., 2013; Kaye et 

al., 2015).  
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Moreover, feeding preference tests in other Collembola species also show a clear preference 

for the food types richest in LA. For instance, a species capable of LA synthesis, 

Heteromurus nitidus, preferred a LA-rich algal diet over a fungal diet when being offered a 

choice under laboratory conditions (Scheu and Folger, 2004; Malcicka et al., 2017a), 

although field observations and body-isotope analyses place this species among fungal 

feeders (reviewed in Malcicka et al., 2017a). There are three possible explanations for this 

result. First, it can be explained by different grazing behaviour under natural conditions when 

LA-rich food is included in a species diet. Species in the laboratory are forced to choose 

between a limited set of food items, while under natural conditions they are encountering 

more food items and thus can balance their dietary requirements. A second explanation can 

be found in metabolic costs during biosynthesis, which can differ between species. However, 

studies analysing the metabolic cost of LA production in animals or even plants are still 

missing. Thirdly, some Collembola species might have different demands on nutrients 

depending on the metabolic/biochemical processes and thus differ in feeding preferences. For 

instance, one of the biochemical processes which requires LA is the production of sex 

pheromones. In insects, i.e. Lepidoptera, Diptera and some Coleoptera, LA has been 

identified as a critical component of sex pheromones produced by one or both mating 

partners (Blomquist et al., 1987; Vandenvel and Oehlschlager, 1987; Rule and Roelofs, 2005; 

Blaul et al., 2014; Rong et al., 2014), while in mites LA was also found in alarm pheromones 

(Fujii et al., 2013; Shimizu et al., 2014). Remarkably, sex pheromones are produced in 

species capable of de novo synthesis of LA as well as in species that do not have this ability 

(reviewed in Malcicka et al., 2018). The production of sex pheromone can be influenced due 

to (a)biotic factors such as temperature, humidity or diet (Ono, 1993; Thomas and Simmons, 

2008; Hock et al., 2014; Henneken et al., 2017). Until now, many studies demonstrated that 

the expression of sexual traits might be dependent on the amount and quality of diet what 

might be a case also in our study (Olson and Owens, 1998; Cotton et al., 2004; Lailvaux and 

Irschick, 2006; South et al., 2011).  

Data obtained in our study indicated that diet might be an important factor when choosing 

between spermatophores for some Collembola. For instance, the diet of F. candida and O. 

cincta might play an important role in a sex pheromone choice. Despite the lack of 

knowledge about sex pheromones in F. candida, some evidence (reviewed in Pelosi et al., 
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2014) indicates the presence of some pheromone precursors might depend on surplus internal 

resources of LA provided by F. candida itself. On the other side, sex pheromones in O. cincta 

have been studied in more detail, and recent research revealed that the main compound, (Z)-

14-tricosenol, detected in O. cincta spermatophores attracts females in olfactometer bioassays 

(Zizzari et al., 2017). This compound is a structural analogue of a nervonic fatty acid (24:1, 

n-9) which exists in nature as an elongation product of oleic acid (18:1 n-9), a precursor of 

LA. Nervonic fatty acid is also a common sex pheromone in house fly and a communication 

pheromone in bees (Thom et al., 2007), and it acts as an aphrodisiac in females (Xiao et al., 

2010). This might explain why females were attracted to spermatophores of their own species 

but not why they preferred spermatophores deposited by males fed with LA+. It seems that 

there might be other compounds in sex pheromones which synthesis depends on the presence 

of LA.  

In F. fimetaria and S. curviseta, spermatophore choice tests did not confirm what was 

observed for other Collembola. F. fimetaria gave preference for spermatophore laid by males 

reared without additional amount of LA despite the incapability of this species to produce 

own LA (Malcicka et al., 2017b). While in S. curviseta¸species capable of LA synthesis, was 

not found any preference for a spermatophore (Malcicka et al., 2017a). To explain this 

difference we need to look again at species- specific acquisition and utilization. In S. 

curviseta we found a relatively high production of LA in a previous study (Malcicka et al., 

2017b) and in this species it has been suggested that not males but females produce 

pheromones which increase the deposition of male spermatophores (Waldorf, 1974). 

Therefore male production of LA may be sufficient for its requirements and males may not 

benefit from additional LA in the diet. One species that preferred LA- spermatophores, F. 

fimetaria, seems to lack LA in its natural diet at least based on field observations (reviewed 

in Malcicka et al., 2017a). It is also not able to synthesize LA, so it may well be that LA does 

not play a role in the production of sex pheromones in this species and including it in the diet 

may disturb the species-specific natural pheromone bouquet of spermatophores. However, 

additional information on sex pheromones and their production in Collembola would better 

explain how LA is acquired and utilized in pheromones production.  

In this study, we examined the feeding and spermatophore choice of various Collembola 

species. We found evidence that there is a nutrition-dependent mate choice in some species 
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meaning that the quality and choice of nutritional resources might be a key factor determining 

mating behaviour. The importance of having an additional LA supply in diet might relate to 

several factors in the ecology of the species, while others might use different physiological 

pathways in sex pheromone production. Overall, diet-mediated variations in chemical signals 

seem likely to occur in Collembola species. This suggests that LA biosynthesis might evolve 

as a highly species-specific trait shaping sexual selection in some springtails, while it is a 

crucial diet component for all studied species regardless of LA biosynthesis.  

Future research should focus on detailed dietary composition and sex pheromone production 

in Collembola and their relationship with LA biosynthesis. This study is the first to report 

about a choice of diet containing essential fatty acids in relation to attractiveness of 

spermatophore laid by males reared with or without LA diet addition. The knowledge of our 

study contributes to a better understanding of the role of LA in the evolution of Collembola, 

one of the basal groups of Hexapoda.  
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Abstract 

All organisms need nutrients to ensure sufficient energy supply and building materials for 

development and growth. Nutrients are precursors for different metabolic processes and play 

crucial roles in the synthesis of various compounds. Therefore, the composition of an 

organism‘s diets has a high impact on its fitness. Despite many studies on diet and food 

choice among insect species, information on the nutritional requirements is scattered. This is 

especially true for the essential compounds that are not present in the environment and have 

to be synthesized by the species themselves. A lack of biosynthesis of an essential nutrient 

trait such as polyunsaturated fatty acid (PUFAs), particularly linoleic acid (LA; 18:2n-6), is 

common in invertebrates possibly due to a diet rich in PUFAs. Still, some species have 

evolved the capacity for de novo LA synthesis despite a lack of this trait among their close 

relatives. Thus, tracing the evolution of invertebrate LA biosynthesis from earliest ancestors 

can lead to a better understanding of insect metabolic evolution. In the present study, we used 

a fully labelled oleic acid as a precursor of LA to investigate biosynthetic activity of LA in 

different arthropod groups, namely Oligochaeta, Diplopoda, Arachnida, Crustacea, Blattaria, 

Lepidoptera and Coleoptera. Our research has shown that this trait is common in more 

ancestral groups, such as Crustacea and Diplopoda as well as in phylogenetically younger 

insect groups, such as Blattaria and Coleoptera. We conclude that a conserved loss of LA 

synthesis early in the evolution of Arthropoda was followed by multiple independent 

reversals of the trait in more recently evolved species, including insects. Thus, the evolution 

of LA biosynthesis involves multiple independent gains or losses in Ecdysozoas what could 

be the result of diverse biotic and abiotic factors. 

Introduction  

For all organisms it is important to balance the costs and benefits of nutrient acquisition, 

biosynthesis, and nutrient requirements (Simpson et al., 2004). Organisms can acquire 

necessary compounds directly via their food, or they can biosynthesize certain compounds by 

themselves. Biosynthesis of some nutrients might entail metabolic costs for the organism 

which can be overcome by natural selection (Barton et al., 2010). For instance, although 

proteins are the most energetically expensive molecules to synthesise (Jørgensen, 1988), 

some organisms minimise these metabolic costs by using less expensive amino acids in 

highly expressed proteins (Akashi and Gojobori, 2002). However, for some nutrients 
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metabolic costs can be so expensive or their availability in a species‘ environment so 

abundant that natural selection favours dietary intake of these nutrients, and biosynthesis may 

be lost. For these so-called essential nutrients the balance has shifted all the way to 

acquisition and entirely away from synthesis. Consequently, some animals have lost their 

ability to produce essential compounds and became dependent on their supply from their 

biotic or abiotic environment. This might be explained by very complicated and energy-

costly processes of synthesizing these essential nutrients in comparison to their high 

availability in the environment (Martin et al., 2003; DiAngelo et al., 2009).  The selective 

forces on essential nutrients biosynthetic ability are expected to depend on the acquisition of 

those nutrients from external sources and on the magnitude of their utilization by the 

organism (Malcicka et al., 2018).  

Food sources differ in nutritional composition, hence value, and it can be expected that 

animals preferentially include those food items in their diet that contain a high amounts of 

essential or less accessible nutrients. Nutrients requirements differ among species with some 

species having higher specific demands than others. For instance, one of the best known 

examples is the need for ascorbic acid (vitamin C) which must be provided in the diet of 

insects, fishes and some mammals, while amphibians, reptiles and few mammals species are 

able to biosynthesis vitamin C (Padayatty et al., 2003). Vitamin C is thus for some species an 

essential micronutrient necessary for the maintenance of some physiological functions and it 

is fully dependent on dietary intake. Some other examples can be found in production of 

vitamin K and several vitamins from group B which are commonly synthesize in some 

organisms while in others not (Cummings and Macfarlane, 1997; Hooper et al., 2002). 

An essential nutrient for which biosynthesis is lost in vertebrates and the majority of 

invertebrates is linoleic acid (LA). LA is a polyunsaturated fatty acid (PUFAs) 

biosynthesized by specific taxonomic groups, e.g. plants, Protozoa, Bacteria and some 

invertebrates (reviewed in Malcicka et al., 2018). These organisms possess a special type of 

desaturase, a ∆12 desaturase, which introduces a second double bond in oleic acid (OA) to 

synthesize LA (Stanley, 2006). LA entails significant structural components of cell 

membranes, provides a source of energy serves, works as precursor to 

bioactive lipid mediators and is the main substrate for the synthesis of long chained 

polyunsaturated fatty acids (PUFAs) (Stanley-Samuelson et al., 1998; Meyer et al., 2003; 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Cummings%20JH%5BAuthor%5D&cauthor=true&cauthor_uid=9406136
https://www.ncbi.nlm.nih.gov/pubmed/?term=Macfarlane%20GT%5BAuthor%5D&cauthor=true&cauthor_uid=9406136
http://lpi.oregonstate.edu/mic/glossary#cell-membrane
http://lpi.oregonstate.edu/mic/glossary#cell-membrane
http://lpi.oregonstate.edu/mic/glossary#precursor
http://lpi.oregonstate.edu/mic/glossary#lipid
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Simopoulos, 2006). For decades it has been thought that animals can only biosynthesize 

mono-unsaturated fatty acids (e.g. oleic acid) and therefore they rely on dietary intake for 

LA. Contrary to these assumptions, it was shown that LA can be synthesized by a range of 

different insects (de Renobales et al., 1986; Cripps et al., 1986; Aboshi et al., 2013; Shimizu 

et al., 2014) and other invertebrates, including Nematoda, Pulmonata and Collembola 

(Weinert et al., 1993; Wallis et al., 2002; Malcicka et al., 2017b; 2018). Using isotope 

labelling studies, 35 out of 68 studied arthropod species were shown to be capable of LA de 

novo synthesis, and these species are scattered throughout the phylogeny (for review see 

Malcicka et al., 2018). Evolutionary transition of LA synthesis in insects suggests that it is a 

secondarily derived character rather than an ancestral trait (Malcicka et al., 2018), 

particularly because LA synthesis is absent from the primitive insects groups (Zygentoma, 

Ephemeroptera, Odonata, Plecoptera and Dermaptera). However, the previous research on 

this trait has shown that it is common among basal hexapods, Collembola, where ten out of 

16 studied species were capable of LA de novo synthesis (Malcicka et al., 2017b). Despite the 

widespread occurrence, however, the question remains when in the arthropod evolution this 

trait originated and what drives variation in the ability to produce LA.   

In the present study we used a stable isotope labelling experiment to test whether different 

species of arthropods (Oligochaeta, Diplopoda, Arachnida, Crustacea, Thysanura, 

Archeognatha, Blattaria, Lepidoptera and Coleoptera) were able to synthesize LA from its 

precursor OA. We fed arthropods with PUFA-free yeast enriched with fully 
13

C-labelled OA 

(
13

C-OA), identified the production of LA obtained from 
13

C-OA by using gas 

chromatography mass spectrometry (GC-MS) and placed the results on presence or absence 

of LA biosynthesis ability in phylogenetic context. A phylogenetic analysis of presence and 

absence of LA biosynthesis ability in Animalia is needed to distinguish between different 

potential evolutionary scenarios on trait loss or gain. We hypothesize, based on previous 

studies (reviewed in Malcicka et al., 2018), that a conserved loss of LA synthesis early in the 

evolution of the Animalia was followed by multiple independent reversals of the trait in more 

recently evolved species. Therefore, we predict that groups belonging to the basal arthropods 

(Arachnida, Oligochaeta, Thysanura, Crustacean, Diplopoda, Archeognatha) would be able to 

synthesize LA de novo since this trait is more widespread within phylogenetically earlier 

non-insects groups (Malcicka et al., 2017b; 2018), while it will be scattered in 
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phylogenetically more recent species Blattodea and Coleoptera and missed in Lepidoptera 

where this biosynthesis has been never found (Malcicka et al., 2018).  

Material and Methods 

Studied species and rearing 

All studied species (Table 1) were collected and/or obtained during spring and summer 2016 

in the Netherlands.  

Table 1 

TAXONOMY AND LOCATION OF STUDIED SPECIES 

After collecting the animals, they were all kept in trays (8x4x2cm) on moist plaster of Paris 

and fed ad libitum with baker‘s yeast (Dr. Oetker) and/or small twigs covered with green 

algae (Desmococcus) in a climate room at Vrije Universiteit Amsterdam, the Netherlands for 

maximum of 2 days before the start of the experiments. Before and during experiments, all 

cultures were kept at 20°C; relative humidity 75%; photoperiod 16:8-h light: dark.   

 

Species Group Taxonomy Location 

Porcellio scaber  

(Latreille, 1804) Crustacea  

Isopoda/ 

Porcellionidae 

a garden in Westzaan  

(Lat. 52°25’58N Long. 4°46’52O) 

Oniscus asellus  

(Linnaeus, 1758) Crustacea  

Isopoda/ 

Oniscidae 

a garden in Westzaan  

(Lat. 52°25’58N Long. 4°46’52O) 

Trichoniscus provisorius  

(Racovitza, 1908) Crustacea  

Isopoda/ 

Trichoniscidae 

a garden in Westzaan  

(Lat. 52°25’58N Long. 4°46’52O) 

Armadillidium vulgare  

(Latreille, 1804) Crustacea  

Isopoda/ 

Armadillidiidae 

a grassland in Amsterdam  

(Lat. 52°25’06N Long. 4°49’30O) 

Cylindroiulus caeruleocinctus  

(Wood, 1864) Diplopoda 

Julida/ 

Julidae 

a grassland in Amsterdam  

(Lat. 52°25’06N Long. 4°49’30O) 

Philoscia muscorum  

(Scopoli, 1763) Crustacea  

Isopoda/ 

Philosciidae 

a forest near Maastricht  

(Lat. 50°48’52N Long. 5°41’19O) 

Blaniulus guttulatus  

(Fabricius, 1798) Diplopoda 

Julida/ 

Blaniulidae 

a forest near Maastricht  

(Lat. 50°48’52N Long. 5°41’19O) 

C. punctatus  

(Leach, 1815) Diplopoda 

Julida/ 

Julidae 

a dike near Heerhugowaard  

(Lat. 52°38’07N Long. 4°52’32O) 

C. latestriatus  

(Curtis, 1845) Diplopoda 

Julida/ 

Julidae 

Zaandam  

(Lat. 52°25’08N Long. 4°49’31O) 
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Petrobius brevistylis  

(Carpenter, 1913) Archeognatha 

Archaeognatha/ 

Machilidae 

the dike of the North Sea Channel near 

Zaandam  

(Lat. 52°25’53N Long. 4°44’52O) 

Orchestia gammarellus  

(Pallas, 1776) Crustacea  

Amphipoda/ 

Talitridae 

the dike of the North Sea Channel near 

Zaandam  

(Lat. 52°25’53N Long. 4°44’52O) 

Blaptica dubia  

(Serville, 1838) Blattaria 

Blattodea/ 

Blaberidae a reptile shop in Amsterdam 

Shelfordella tartara  

(Walker, 1868) Blattaria 

Blattodea/ 

Blattidae a reptile shop in Amsterdam 

Zophobas morio  

(Fabricius, 1776)  Coleoptera 

Coleoptera/ 

Tenebrionidae a reptile shop in Amsterdam 

Bombyx mori  

(Linnaeus, 1758) Lepidoptera 

Lepidoptera/ 

Bombycidae a reptile shop in Amsterdam 

Thermobia domestica  

(Packard, 1873) Thysanura 

Thysanura/ 

Lepismatidae a reptile shop in Amsterdam 

Oppia nitens  

(Koch, 1836) Arachnida 

Oribatida/ 

Oppidae cultured at Vrije Universiteit, Amsterdam  

Enchytraeus crypticus  

(Henle, 1837) Oligochaeta 

Haplotaxida/ 

Enchytraeidae cultured at Vrije Universiteit, Amsterdam  

 

Feeding experiment  

In our previous study, we detected de novo synthesis of LA in Collembola species by 

following the technique of Blaul et al., (2014), which uses stable isotope labelling of food 

with fully enriched 
13

C-labelled OA (
13

C-OA) and subsequently detecting the molecular 

peaks of 
13

C-labelled OA methyl ester (Blaul et al., 2014; Malcicka et al., 2017b). The same 

technique was used for our current study.  

Animals were placed in groups of 5 individuals (5 biological replicates per species, each 

individual was a replicate) for 3 days without food (to ensure an empty stomach) in plastic 

pots (8x4x2 cm) with a bottom of moist plaster of Paris. After starvation, LA-enriched food 

was given to each species ad libitum for a period of 10 days and food was refreshed every 3 

days. At the end of the trail, animals were collected, frozen and stored at -20°C until further 

analysis.  
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LA-enriched food was prepared by mixing approximately 0.5g yeast (Saccharomyces 

cerevisiae) or algae (Desmococcus) with 20µl of fully enriched 
13

C-OA, 80µl of acetone, 

a1ml of demineralised water, and subsequently shaking the mixture for 30s. The acetone was 

added in order to increase solubility of all food components. After shaking, we let the acetone 

evaporate from the food for 24h at room temperature.  

Lipid extraction and transesterification of lipid extracts  

Depending on species‘ body mass, 5 to 10 arthropods (in total 3mg of biomaterial) were 

pooled in a single sample for each species. All individuals in the sample were homogenized 

with a crusher and lipids were extracted for 30 min with 500µl of dichloromethane and the 

extract was centrifuged for 15min (13000 rpm). The solvent was evaporated under a gentle 

stream of nitrogen, the lipid extracts were re-suspended in 200µl of methanol and 20µl of 

10% acetyl chloride dissolved in methanol and transesterified for 1 h at 60 °C. Subsequently 

400 µl of a solution of sodium hydrogen carbonate (5%) were added and the fatty acid methyl 

esters (FAME) were extracted with 200µl of hexane. 

Chemical analyses for FAME detection 

Chemical analyses were performed using a Shimadzu QP2010 Plus GC-MS system equipped 

with a 30 m x 0.32 mm inner diameter BPX5 capillary column (film thickness 0.25 µm, SGE 

Analytical Science Europe, Milton Keynes, UK). Samples (1 µl) were injected in splitless 

mode at an injector temperature of 300 °C, using an AOC 20i auto sampler. Mass spectra 

were obtained in the electron impact mode at 70 eV. The scanned mass range was adjusted to 

m/z 35-600. The GC was operated with helium as carrier gas at a constant flow rate of 2 

ml/min. The initial oven temperature was 50 °C, after 4 min the temperature was 

programmed at 3 °C /min to 280°C and held at this temperature for another 15 min. 

Identification of unlabelled FAME was done by comparison of retention times and mass 

spectra with those of authentic reference chemicals (reference mixture of 37 FAME, Sigma-

Aldrich, Deisenhofen, Germany). For the detection of incorporated 
13

C (incorporation rate) in 

insect-derived LA, we checked the mass spectra at the expected retention times of LA methyl 

ester for the appearance of diagnostic ions m/z 312 ([
13

C18-M
+
]) and 281/280 ([

13
C18-M

+
-

31/32]) (Blaul et al., 2014). Labelling rates were calculated by relating the peak area of the 

labelled molecular ion (m/z 312) to the added peak areas of the respective unlabelled and 



 

91 

labelled molecular ions (m/z 312 + 294). Acceptance of the enriched diet by the insects was 

concluded from the presence of fully labelled OA methyl ester in the lipid extracts. This was 

done by a targeted search at the retention time of OA methyl ester for the diagnostic ions m/z 

314 ([
13

C18-M
+
]) (Blaul et al., 2014). 

Phylogenetic analyses   

A rooted phylogenetic tree (Fig. 1) containing different species reconstructed from molecular 

(COI) with MrBayes method from data obtained from GenBank (See supplementary material 

1; 2). 

Results 

FAME analysis of arthropods fed on diet enriched with 
13

C-OA  

FAME analysis revealed that four of 18 studied species (i.e. Blaniulus guttulatus, Philoscia 

muscorum, Blaptica dubia and Zophobas morio) produced detectable amounts of 
13

C-labelled 

LA when fed with a diet containing 
13

C-labelled OA. The presence of 
13

C-labelled LA 

showed that these species converted 
13

C-labelled OA into LA (Tab. 2, Fig. 1). Incorporation 

rates ranged from < 2% in Z. morio up to > 39% in B. dubia. In 14 species no 
13

C-labelled 

LA was detected, which could be due to lack of LA synthetic ability or because the animals 

did not feed on the enriched food containing 
13

C-labelled OA. Therefore, we checked for the 

presence of 
13

C-labelled OA in these species. In six of these species (i.e. Thermobia 

domestica, Cylindroiulus latestriatus, Oppia nitens, Enchytraeus crypticus, Petrobius 

brevistylis and Orchestia gammarellus), neither the 
13

C-labelled OA precursor nor 
13

C-

labelled LA was detected suggesting that these species did not accept the enriched labelled 

food. Hence, the ability to produce LA remains unknown in these species.  

In C. punctatus, C. caeruleocinctus, Porcellio scaber, Armadillidium vulgare, 

Trichoniscus  provisorius, Oniscus asellus, Shelfordella tartara and Bombyx mori the 
13

C-

labelled OA precursor was found. Therefore, the lack of 
13

C-labelled LA in these species 

indicates that these species are not capable of synthesizing LA from OA. One possibility is 

that the lack of LA synthesis was due to high levels of unlabelled LA resulting from the pre-

enriched diet. Consequently, we measured the molecular peak of unlabelled LA methyl ester 
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(LAME, m/z 294) which represents the storage of LA in animals preceding the experiment. 

In all species, the unlabelled LA was detected and there was no significant difference in LA 

levels between the species that lacked LA synthesis and those that did biosynthesize LA. 

Phylogenetic reconstruction of different invertebrates 

The phylogenetic reconstruction using the MrBayes method resulted in a highly resolved 

phylogeny with strong nodal support (80-100%) (Fig. 1).  

 

Figure 1 

AN OVERVIEW OF LA BIOSYNTHETIC ABILITY IN A BROADER PHYLOGENETIC 

FRAMEWORK 

A phylogenetic tree containing different invertebrate species with highlighted species 

examined in our study in order to place our results in a broader phylogenetic perspective. 

Black star: LA biosynthesis; Grey star: lack of LA biosynthesis; Black-Grey star: not all 

studied species in a group produce own LA; No star: unknown (species did not accept the 

enriched diet). 
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Table 2 

LINOLEIC ACID PATTERNS IN ARTHROPODA SPECIES FEEDING ON YEAST 

SUPPLEMENTED WITH FULLY LABELLED 
13

C-OLEIC ACID 

Species in which no labelled OA and LA methyl ester was detected (n.d) were assumed to 

have rejected the offered food source.  n.d. = not labelled LA, OA detected; * detection of 

diagnostic m/z 314 at the retention time of OA methyl ester: + labelled OA detected; 
#
 the 

percentage calculated by relating the average peaks area (from 3 samples) of the labelled LA 

methyl ester (m/z 312) to the added peak area of labelled and unlabelled LA methyl ester 

(m/z 312 + 294); P = feeding on plant material; F = feeding on fungal material; O = 

omnivores. 

Species 
Feeding 

group 

Labeled   
LA 13C-

incorporation 
LA 

OA (Average %) biosynthesis 

Oppia nitens O n.d n.d ? 

Porcellio scaber P, F + n.d No 

Armadillidium vulgare P, F + n.d No 

Trichoniscus  provisorius P, F + n.d No 

Oniscus asellus P, F + n.d No 

Philoscia muscorum P, F + 4.2 Yes 

Orchestia gammarellus P, F n.d n.d ? 

Cylindroiulus latestriatus P n.d n.d ? 

C. punctatus P + n.d No 

C. caeruleocinctus P + n.d No 
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Blaniulus guttulatus P + 6.7 Yes 

Enchytraeus crypticus P, F n.d n.d ? 

Thermobia domestica O n.d n.d ? 

Petrobius brevistylis P n.d n.d ? 

Blaptica dubia O + 39.2 Yes 

Shelfordella tartara O + n.d No 

Zophobas morio O + 2.1 Yes 

Bombyx mori P + n.d No 

 

Discussion 

De novo synthesis of LA was studied in different groups of Arthropoda using stable isotope 

labelled food with 
13

C oleic acid, the precursor of LA. The results clearly revealed 

biosynthesis of LA in four arthropod species (i.e. species belonging to the Crustacea, 

Diplopoda, Blattaria and Coleoptera), and lack of LA synthesis in eight species (belonging to 

the Arachnida, Archeognatha, Oligochaeta, Thysanura, Lepidoptera) (Tab. 2; Fig. 1). 

Together with our previous study (Malcicka et al., 2017b) investigating biosynthesis of LA in 

Collembola and earlier work done in other species (reviewed in Malcicka et al., 2018), our 

data contribute to the hypothesis that with the exception of Diptera and Lepidoptera, the 

ability of LA synthesis re-evolved in all major arthropods groups at least on eight 

independent evolutionary origins and two independent losses (this study, Malcicka et al., 

2018).  

Until now, 89 invertebrate species have been tested for their ability to synthesize LA and over 

45% of these species were found capable of producing LA de novo (Malcicka et al., 2017b; 
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2018; this study). The ability to synthesise LA was predominantly found within some of the 

more ancestral invertebrate groups (Crustacea, Nematoda, Acari, Collembola) but absent in 

several early hemimetabola insect groups, including Zygentoma, Ephemeroptera, Odonata, 

Dermaptera, and Plecoptera (Malcicka et al., 2017b;2018; this study). Given the scattered 

distribution of LA synthetic ability even within classes and orders, and the fact that we tested 

only a few species per group, it is possible that other species in these groups are able to 

synthesize LA. However, taking into consideration the present knowledge, LA synthetic 

ability is ancestral to all invertebrate groups, whereas functional LA synthetic pathways got 

lost early in the evolution of the insects. In other clades of the insect phylogeny the ability for 

LA synthesis is present in representatives of all major insect orders (Orthoptera, Blattodea, 

Isoptera, Hemiptera, Hymenoptera, Neuroptera and Coleoptera), with the exception of the 

most derived clades (Diptera and Lepidoptera). Hence we cannot distinguish between an 

evolutionary scenario with a loss of LA synthetic ability early in the hexapod evolution and a 

repeated regain in the more derived insects, or multiple losses of LA synthesis scattered 

across the insects. The question remains why LA synthesis is present in some species but not 

in others? The lack of sufficient LA in the diet has been suggested as an explanation for LA 

synthetic ability (Malcicka et al., 2017b; 2018). 

Although some important fatty acids (FAs) can be synthesized de novo, LA is an essential 

fatty acid for which almost all organisms have a dietary requirement (Weers and Gulati, 

1997). Therefore, diet might be the key factor affecting LA synthesis (Cripps et al., 1986) 

when the evolutionary loss of LA biosynthesis is driven by environmental compensation 

(Ellers et al., 2012). For instance, in a species capable of LA biosynthesis, living on LA-rich 

diet could have fuelled the evolutionary loss of LA synthetic ability as the trait would have 

become unnecessary. The examples of analogous mechanisms are described by relaxed 

selection found in species unable of vitamin C biosynthesis or parasitoid wasps incapable of 

lipid synthesis (Visser et al., 2010; Hunt, 2011; Wertheim et al., 2014). The other possible 

scenario connecting diet with LA biosynthesis might be via the quantity and/or quality of LA 

obtained through the species diet. Diet composition can vary depending on the quantity 

ingested by species, on the occupied habitat, season or by the need for which an organism 

used it (DeNiro and Epstein, 1982; Bell, 1990; Ojala et al., 2005; Simpson et al., 2015). In 

our present study, however, all examined species consume food rich in LA in the field (Tab. 
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2). Also, a comparative study of Collembola did not find a correlation between LA content of 

the food and LA biosynthetic activity (Malcicka et al., 2017b), which is consistent with the 

current findings (Tab. 2). Thus, based on current data, it seems that LA is not an essential 

fatty acid for many animals. Although there was no clear relationship between diet and LA 

biosynthesis in our study, further research should focus on detailed composition of species 

diet to draw a final conclusion.  

Another an unanswered question is the role of endosymbionts in LA synthesis. 

Endosymbionts encompass the mutualistic relationship in majority of species by providing 

numerous key metabolites to their hosts, such as the bacterium Buchnera that depends on its 

host for vitamins and other metabolites that allows it to synthesize essential amino acids, 

which are in turn required by the host (Zientz et al., 2004). Observations on LA accumulation 

in invertebrates should therefore be considered with caution as the involvement of 

microorganisms in the biosynthesis of LA (Roughan and Slack, 1982) is difficult to rule out 

completely. However, a number of studies on insects have provided convincing evidence that 

microorganisms are not involved (Wharton and Lola,1970; Mauldin et al., 1978; Dwyer and 

Blomquist, 1981; Blomquist et al., 1982; Stanley-Samuelson et al., 1986; de Renobales et al., 

1986; Jurenka et al., 1987; Borgeson et al., 1991) and detecting of LA genes in Acheta 

domestica, Tribolium castaneum, Nasonia vitripennis brings another support for this 

hypothesis (Zhou et al., 2008; Chapter 7).  

Regardless of obtaining LA internally (biosynthesis, microbes) or externally (via diet), LA 

plays a pivotal role in cell physiology, signalling, reproduction in all organisms (Belury, 

2002; Brown et al., 2004; El-Yassimi et al., 2008; De Veth et al., 2009) and in some species it 

has also additional functions. Certain species may need much higher quantities of LA than 

biosynthesis can provide, e.g. because of functions that LA performs in egg-laying behaviour, 

innate immune reactions to infections (viral, bacterial, and fungal) or in the performance and 

survival of immature stages (Stanley, 2006; Park et al., 2012). In addition, LA has been 

identified as a critical component of sex pheromones produced by one or both mating 

partners in many insect species, particularly in Lepidoptera and Diptera, but also in some 

species of Coleoptera and even in mites as an alarm and sex pheromones (Blomquist et al., 

1987; Rule and Roelofs, 1989; Fujii et al., 2013; Blaul et al., 2014; Shimizu et al., 2014; 

Rong et al., 2014). Therefore, there might be a link between obtaining/biosynthesizing LA 
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and production of e.g. sex pheromones. What could mean that having the additional amount 

of LA for production of sex pheromones might be species specific or there can be differences 

in quantity of LA produced and/or obtained by diet for a species‘ incorporation in sex 

pheromones (Chapter 7).  

However, it is important to highlight that our results showed variation in the amount of LA 

compound found in studied animals. For instance, the average incorporation rate found in 

Blaptica dubia was ten times higher than in Philoscia muscorum (Tab. 2). This might indicate 

that species differ in the rate and efficiency with which LA is synthesized. One of the reasons 

for such variation would be the amount of LA present in the natural diet, which may 

influence the need of LA synthesis for a species. If the diet does not provide sufficient 

amounts, or if a species has a particularly high need for LA, e.g. to be used in sex 

pheromones or reproduction, it would need to synthesize additional LA to meet its 

requirement. The size dimorphism of the species could explain the difference in LA 

production, since some metabolic products are expressed in higher amount when a species is 

larger (Buckley et al., 2003; Schärer, et al., 2004). However in Collembola, species having 

similar sizes, high variation in incorporation rate was also detected (Malcicka et al., 2017b). 

Therefore, the variation in LA production can be a species specific trait which evolved under 

different (a)biotic conditions.  

In this study, we observed that the de novo synthesis of LA is present among different species 

of arthropods, including phylogenetically earlier groups, e.g. Crustacea and Diplopoda which 

confirms that LA biosynthesis may be an ancestral trait in the Ecdysozoa. Therefore, we can 

predict that the evolution of LA biosynthesis involves multiple independent gains or losses in 

the Ecdysozoa as a result of diverse biotic and abiotic factors during species evolution. Future 

studies should focus on the acquisition as well as utilization of LA in different species, as 

multiple selection pressures may affect the evolution of LA synthetic ability simultaneously.  

Acknowledgment 

Research was supported by grant from The Netherlands Organization for Scientific Research 

[NWO, VICI grant 865.12.003]. 

 

https://scholar.google.nl/citations?user=yJ2gbUQAAAAJ&hl=en&oi=sra


 

98 

Supplementary material 1 

Oligochaeta KT621339.1 

Nematoda EU179525.1 

Diplopda KM611787.1 

Arachnida JN021269.1  

Crustacean JX445128.1 

Collembola KF642526.1 

Zygentoma JN970940.1 

Archeognatha JN970936.1 

Odonata JX306649.1 

Ephemeroptera KX038684.1 

Plecoptera KX862824.1 

Dermaptera HQ978645.1 

Orthoptera X80245.1 

Blattaria  S72627.1 

Isoptera KJ918349.1 

Hemiptera KT878822.1 

Hymenoptera KY426683.1 

Coleoptera KT951188.1 

Lepidoptera KP966091.1 

Diptera KM593062.1 

Supplementary material 2 

A phylogenetic tree with different arthropods species   

The  COI gene of each family member was obtained from GenBank (accession 

numbers given in Supplementary material 1) The sequence were first individually aligned 

using the procedure Align by Muscle (Codons) in Molecular Evolutionary Genetics 

Analysis(MEGA) Software, Version 6.0 (Tamura et al., 2013). Alignments were verified by 

eye using Mesquite software, Version 2.75 (Tools for manual alignment, Move Blocks tool 

and Push Sequence tool) (Maddison and Maddison, 2004). Subsequently, the output file was 

converted into a NEXUS file using BioEdit (Hall, 1999). 

The construction of the phylogeny was then made using Likelihood-based Bayesian 

inference (Markov Chain Monte Carlo analysis) in MrBayes, version 3.2 (Huelsenbeck and 

Ronquist, 2001; Ronquist and Huelsenbeck, 2003). Two million generations were run with 

four chains (Markov Chain Monte Carlo), the heating parameter set at 0.05, and a tree saved 

every 200 generations. The first 2500 trees (25%) were discarded as burn-in and posterior 

probabilities were calculated using the remaining ones. The 50% majority-rule consensus 

trees were constructed with nodal values representing the posterior probabilities. We used 

Model Test, version 3.7 (Posada and Crandall, 1998) to find the best-fit nucleotide 

substitution model and obtain the parameters for the Maximum Likelihood (ML) analysis. 

The GTR + G model was found to fit our alignment data best, as determined by AIC. In the 

ML trees, we consider nodes with P80% boot strap as well-supported, and those with 60-80% 

as weakly-to moderately supported (Hillis and Bull, 1993).  

http://mesquiteproject.org/mesquite2.71/Mesquite_Folder/mesquite/align/aAlignIntro/manualAlignment.html
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Abstract 

Sexual selection evolves in favor of not choosing a mating partner randomly because 

potential mating partners may vary in their individual fitness. Therefore, evolutionary 

dynamics of traits affecting an organism’s fitness and reproductive success can be highly 

specific, including phenotypic regression or evolutionary innovation of these traits. Metabolic 

costs of those traits can arise if a signal depends on limited nutritional resources. One trait 

that is dependent on nutrition resource and influences sex pheromone production is the ability 

to biosynthesis linoleic acid (LA 18:2). LA is an essential polyunsaturated fatty acid for the 

majority of animals and a precursor of sex pheromone production in a jewel wasp, Nasonia 

vitripennis. Previous studies have shown that this wasp is able to produce LA de novo and 

utilize it for sex pheromone production. However, the gene underlying this synthesis has not 

been discovered yet. Therefore, in our study we have functionally characterized the most 

highly expressed desaturase gene among male wasps via a yeast expression essay. We 

detected ∆12 desaturase activity in this studied gene and show that this it is a key enzyme for 

sex-pheromone production in N. vitripennis. By identifying a new ∆12 desaturase gene in 

animals and linking gene expression with its function, we shed a new light on the role of LA 

in arthropod evolution. 

Introduction 

Sexual selection theory predicts that phenotypic traits involved in mate choice should reflect 

the quality of the signaler (Kodric-Brown and Brown, 1984; Andersson and Iwasa, 1996; 

Andersson and Simmons, 2006). The expression of traits used to advertise the quality of the 

signaler are often costly and require allocation of limited resources to reproduction, thus 

enabling the choosing sex (usually a female) to evaluate the quality of the signaler (typically 

a male) (Andersson, 1994). Those mating signals are mediated through chemical 

communication, and acoustic and visual cues between both partners. Consequently, the 

benefits of mate choice are higher if the signal accurately reflects the condition of the 

advertising male (Maynard Smith and Harper, 2003). 

Communication via chemical cues (infochemicals) is a highly efficient and important channel 

of communication in insects through which individuals exchange both interspecific and 

intraspecific information. For instance, infochemicals can induce formation of green algae 
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colonies or they can affect the vulnerability of prey to predator in Daphnia (Weber and 

Noordwijk, 2002; Verschoor et al., 2004). Pheromones are used for chemical communication 

within species (Godfray, 1994; Wyatt, 2003), and evoke changes in a wide variety of insect 

behaviors by acting, for instance, as alarm pheromones, trail pheromones or as aggregation 

pheromones (Billen and Morgan, 1998; Leonhardt et al., 2016; Pask et al., 2017). In addition, 

pheromones also play an important role in mating behavior for both partners. The so-called 

“sex pheromones” are released either by males or females for mate recognition and, 

subsequently, enable mating behavior (Andersson, 1994; Johansson and Jones, 2007). Sex 

pheromones can be energy costly in production or maintenance and their availability correlate 

with species diet, fitness or other environmental factors (Johansson and Jones, 2007).  

Insect pheromone biosynthesis is well studied in the orders Lepidoptera, Diptera, Coleoptera 

and Blattodea (Tillman et al., 1999), and some of the biosynthetic pathways have already 

been established (Roelofs and Bjostad, 1984). The production of sex pheromones often 

requires specific chemical compounds to make a unique species-specific pheromone blend. 

Diet has a significant impact in shaping and production of sex pheromones in animals since 

some dietary components are converted directly into sex pheromones (Henneken et al., 

2017). During insect evolution, basic biosynthetic pathways in the primary and secondary 

metabolism were employed to produce pheromone compounds (Knipple and Roelofs, 2003). 

Dietary nutrients such as fatty acids can be modified by elongases, dehydrogenases or 

desaturases into specific pheromones (Blomquist and Vogt, 2003).  

Linoleic acid (LA 18:2n-9,12) is an important fatty acid for pheromone biosynthesis in 

invertebrates, including production of alarm and sex pheromones (Blomquist et al., 1987; 

Vandenvel and Oehlschlager, 1987; Rule and Roelofs, 2005; Fujii et al., 2013; Blaul et al., 

2014; Shimizu et al., 2014; Rong et al., 2014). LA is considered an essential polyunsaturated 

fatty acid for the majority of animals, including insects. A number of arthropod species and 

other invertebrates are able to biosynthesize LA (Zhou et al., 2008; Malcicka et al., 2017b; 

2018; this thesis). LA biosynthesis requires the presence of ∆12 desaturase to introduce a 

second double bond in oleic acid (OA 18:1n-9). However, most invertebrates and all 

vertebrates lack enzymes with ∆12 desaturase activity and thus rely on dietary intake of LA.  
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Recent research has shown that LA also has a crucial role in sex pheromone biosynthesis in 

Hymenoptera (Wang et al., 2015; Brandstetter and Ruther, 2016). In the jewel wasp, Nasonia 

vitripennis, LA and OA desaturase are precursors for two male sex pheromones identified as 

(4R,5S)-5-hydroxy-4-decanolide (HDL) and 4-methylquinazoline (4-MeQ) (Ruther et al., 

2007; Ruther et al., 2008). In addition, there is a nutritional condition connected with this 

biosynthesis. When N. vitripennis males are reared in LA-enriched fly hosts (Brandstetter and 

Ruther, 2016), they produce higher amounts of HDL and are more attractive to females than 

males reared without additional LA during their development (Blaul and Ruther, 2011). 

Although the biochemical pathway of sex pheromone synthesis in N. vitripennis is known, 

the gene underlying the biosynthesis of LA, and thus enabling a crucial step in sex 

pheromone production in N. vitripennis, has not been discovered yet.  

In the present study we investigated the function of a fatty acid desaturase with a potential 

role in the biosynthesis of LA in N. vitripennis. The candidate gene was chosen among the 

15-member fatty acid desaturase gene family (Wang et al., 2015), since it is the most highly 

expressed gene among adult males and a key enzyme for sex-pheromone production. For that 

purpose, we characterized the function of N. vitripennis desaturase in a yeast expression 

system commonly used for expression of other fatty acid desaturase and elongase enzymes 

from a variety of animals (Monroig et al., 2013; Castro et al., 2016). The discovery of this 

gene function provides insight into sex pheromone production in N. vitripennis and helps to 

elucidate the presence of ∆12 desaturase genes in other invertebrates, enabling to clarify the 

evolutionary history of the enzyme family in metazoans.  

Material and Methods 

Functional characterization of N. vitripennis desaturase in yeast 

According to Wang et al. (2015), NASVI2EG017727 gene of N. vitripennis is supposed to be 

a putative Δ12 desaturase, as it shows the most male-biased expression within all desaturase-

like sequences from their transcriptome. Therefore, we retrieved the corresponding sequence 

of this gene from NCBI (XM_001599786) and consequently designed a primer set to amplify 

the full-length of ORF. The primer sequences contained the HindIII restriction site for the 

sense primer (CCCGGTACCATCATGCCACCGAACGAACAGA) and the XbaI restriction 

site for the antisense primer (CCGGAGCTCTTATTCTGTTTTCACGGTCTCGTG) to ligate 
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into the yeast expression vector pYES2 (Thermo Fisher Scientific). Subsequently, N. 

vitripennis desaturase was functionally characterized by heterologous expression in yeast 

Saccharomyces cerevisiae. The amplification was carried out using template cDNA obtained 

from the whole body with Pfu DNA Polymerase (Promega). The 25 L PCR mixture 

comprised 1 L of template, 10 pmol of each primer, 2.5 L of 10x buffer, 1 L of dNTP (10 

mM) and 0.21 L of Pfu (3U/L). The thermocycler was set up with an initial step set at 95 

C for 2 min, 35 cycles of 95 C for 30 sec, 63 C for 30 sec, 72 C for 3 min and 72 C for 7 

min. After amplification, the PCR product was analyzed on an agarose gel to detect the 

correct size of the sequence and purified (Illustra
TM

 GFX PCR DNA and Gel Band 

Purification Kits, GE Healthcare Life Sciences). The full-length ORF was subsequently 

digested with HindIII and XbaI (New England Biolabs, Hitchin, UK). The restriction 

reactions were carried out as follows: the 50 L reaction mixture comprised 30 L of the 

purified PCR product, 5 L of 10x NEBuffer 2.1 and 1 L of HindIII (100U/L), 2 L of 

XbaI (20U/L) and 12 L of purified H2O; then incubated at 37 C for 3 h. The restricted 

DNA was purified as described above and ligated into a similarly restricted yeast expression 

vector pYES2 (Thermo Fisher Scientific) by T4 DNA Ligase (Promega). The resulting 

construct (pYES2-NVDes) was then transformed into competent E. coli and grown overnight 

on an LB agar plate containing ampicillin (50 g/mL) at 37 C. Positive colonies were 

selected and screened by PCR using pYES2F and pYES2R primers (Table 1). The selected 

colonies were grown overnight in LB liquid media and harvested for further plasmid 

extraction (GenElute™ Plasmid Miniprep kit, Sigma Aldrich). Several pYES2-NVDes clones 

were sent to the sequencing service (GATC Biotech) and the clone with the correct sequence 

was subsequently used for the yeast expression assay.  

pYES2-NVDes was transformed into yeast competent cells InvSc1 (Thermo Fisher 

Scientific) using S.c. EasyComp Transformation Kit (Thermo Fisher Scientific) as follows. A 

volume of 5 L (1 g of DNA) of pYES2-NVDes was mixed with 50 L of yeast competent 

cell and 500 L of transformation Solution III. The mixture was incubated for 1 h at 30 C 

and vortexed every 15 min. A 100 L volume of the transformation reaction was plated onto 

synthetic complete minimal medium lacking uracil (SCMM
-ura

) agar plate and the plate was 

incubated for 3 days at 30 C. One single transformant colony was transferred into a 50 mL 
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conical centrifuge tube containing 5 mL of SCMM
-ura

 broth. The yeast culture was incubated 

for 24 h at 30 C while vigorously shaked (250 rpm). Subsequently, 5 mL of fresh SCMM
-ura

 

broth was added to produce a stock yeast culture of 10 mL that was grown for further 24 h at 

30 ºC into two separate 50 mL tubes. After a growth period (24 h), the two 5 mL subcultures 

were pooled together and the optical density at a wavelength of 600 nm (OD600) was 

measured in a spectrophotometer (Cecil Aurius Series CE 2021 UV/Vis Spectrophotometer, 

Cecil Instruments Limited, Cambridge, UK). According to the OD600 measurement, a volume 

of the stock yeast culture was transferred into each of eleven 100 mL Erlenmeyer flasks 

containing 5 mL of fresh SCMM
-ura

 to provide an OD600 of 0.4. The subcultures were 

incubated for 4 h at 30 C while vigorously shaked as above. For induction of N. vitripennis 

desaturase expression, 400 L of D-(+)-Galactose (25%, w/v, Sigma Aldrich) were added 

into each flask. In order to test the desaturase activity towards yeast endogenous fatty acids, 

yeast transformed with pYES2-NVDes were compared with control yeast transformed with 

empty pYES2, with both treatments grown in triplicate 100 ml Erlenmeyer flasks as above. In 

addition, to determine further desaturation activity towards other n–9 monounsaturated FA 

and n–6 PUFA substrates, one of potential fatty acid substrates including 18:2n-6, 18:3n-6, 

20:1n-9, 20:2n-6, 20:3n-6, 20:4n-6, 22:1n-9 or 22:4n-6 were exogenously added into separate 

Erlenmeyer flasks. Each substrate was supplemented at concentrations of 0.5 mM (C18), 0.75 

mM (C20) and 1 mM (C22) as uptake efficiency decreases with increasing chain length. The 

cultures were incubated for 48 h while shaking (250 rpm) at 30 C to allow the exogenously 

added substrates to be incorporated and metabolized by the transgenic yeast. At harvest, the 

yeast cultures were collected by centrifugation at 1000 x g for 5 min. The yeast pellets were 

subsequently disrupted using a tissue homogenizer (ULTRA-TURRAX
TM

, IKA-Werke 

GmbH & Co. KG, Staufen, Germany) in 6 mL of chloroform:methanol (2:1, v/v) containing 

BHT (butylated hydroxytoluene, 0.01%, w/v). To avoid oxidation in the samples, tubes 

containing the homogenized yeast were flushed with dry nitrogen and kept at –20 ºC until 

further use. 
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FAME analysis from the transgenic yeast by GC 

Total lipids were extracted from the chloroform:methanol (2:1 v/v) solution according to 

Folch et al. (1957) and modifications were carried out following the description by Monroig 

et al., (2012). Fatty acid methyl esters (FAMEs), prepared from total lipids, were purified by 

thin layer chromatography and viewed with iodine on a 20 x 20 cm silica gel plate before 

injected into the GC as described by Hastings et al. (2001). FAME samples were analyzed 

using a Fisons GC-8160 (Thermo Fisher Scientific) gas chromatograph equipped with a 60 m 

x 0.32 mm i.d. x 0.25 m ZB-wax column (Phenomenex, Cheshire, UK) and flame ionization 

detector. Identification of the peaks was made by comparison of the retention times of known 

standards.  

Phylogenetic analyses   

A rooted phylogenetic tree (Fig. 1) containing ∆12 and ∆9 desaturase of 13 different species 

across the tree of life was obtained using desaturase sequences from GenBank 

(Supplementary material 1). For a more detailed description of the methodology of tree 

reconstruction using the MrBayes method see Supplementary material 2.  

Statistical analyses 

The peak’s area represented the quantities of present compound (LA). The differences in 

peak’s are represent the lipid synthesis between N. vitripennis ∆12 predicted gene (pYES2-

NVDes) and control yeast FAME analysis. Therefore, the differences in peak areas were 

compared with a Student’s t-test. In t-test, the comparisons of the means with P values less or 

equal than 0.05 were considered significantly different. All the statistical analyses were 

carried out using Minitab (version 16). 

Results 

Functional characterization of ∆12 desaturase in N. vitripennis 

Comparison of the fatty acid profiles between the control yeast (i.e., transformed with the 

empty pYES2) and yeast expressing the N. vitripennis desaturase (i.e., transformed with 

pYES2-NVDes) confirmed a role of the wasp desaturase gene in the biosynthesis of LA. A 

significant increase in the 18:2n-6 content in pYES2-NVDes yeast was observed compared 



 

106 

to control yeast contents (Table 1). Additionally, no other desaturase activities towards 

exogenously added fatty acid substrates (18:3n-6, 20:1n-9, 20:2n-6, 20:3n-6, 20:4n-6, 

22:1n-9 and 22:4n-6) were detected in the N. vitripennis desaturase. 

Table 1 

THE MEASURED PEAK AREA OF SOME DESATURASE IN CONTROL YEAST 

AND PYES2-NVDES. 

  

Palmitic 

 acid 

Stearic 

 acid 

Oleic 

 acid 
Linoleic 

 acid DHA 

    16:0 18:0 18:1n-9 18:2n-6 22:6n-3 

pYES2 

control Replicate 1 28.83 17.95 18.44 0.34 0.61 

 

Replicate 2 28.76 16.88 18.29 0.75 0.27 

 

Replicate 3 26.57 16.96 20.47 0.22 0.31 

 

Mean 28.05 17.26 19.07 0.44 0.40 

       pYES2-

NVDES Replicate 1 19.08 10.71 20.75 2.53 0.25 

 

Replicate 2 21.18 13.13 19.43 2.38 0.15 

 

Replicate 3 20.26 12.37 20.43 2.60 0.66 

  Mean 20.17 12.07 20.20 2.50 0.35 

 

p (t-test) 0.00 0.01 0.11 0.00 0.42 

 

Phylogenetic reconstruction of ∆12 and ∆9 desaturase evolution from different species  

The phylogenetic reconstruction using the MrBayes method resulted in a highly resolved 

phylogeny with strong nodal support (85-100%) (Fig. 1). The phylogenetic position of some 

species desaturase, e.g. ∆9 desaturase of T. castaneum, did not match their taxonomic 

classification based on morphology. 

 



 

107 

 

Figure 1 

A ROOTED PHYLOGENETIC TREE WITH ∆12 AND ∆9 DESATURASE OBTAINED 

FROM DIFFERENT SPECIES. BOOSTRAP VALUES ARE INDICATED AT THE 

BEGINNING OF EACH BRANCH. 

Discussion 

In this study we examined whether the most highly expressed desaturase gene (pYES2-

NVDes) among adult of N. vitripennis with a key role in the biosynthesis of LA, is a 

precursor of sex pheromones production in insects (Wang et al., 2015). By using a 

functional characterization assay in yeast, we have demonstrated that this gene from N. 

vitripennis has ∆12-desaturase activity and, to the best of our knowledge, this is only the 

fourth report of the presence of ∆12-desaturase gene in animals. These results demonstrate 
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that the jewel wasp N. vitripennis desaturase is a ∆12 desaturase able to convert 18:1n-9 to 

LA. The phylogenetic analysis showed that the most parsimonious scenario for the 

evolution of ∆12-desaturase activity in animals consists of multiple independent gains of 

the ∆12-desaturase gene.  

Previously, ∆12 desaturase genes have been reported from the cricket Acheta domesticus, 

the flour beetle Tribolium castaneum and the nematode Caenorhabditis elegans (Watts et 

al., 2002; Zhou et al., 2008). The phylogenetic analyses (Fig. 1) of the distribution of ∆12 

desaturase activity showed that the N. vitripennis ∆12-desaturase gene is closer related to 

the nematode ∆12-desaturase rather than to two insect ∆12 desaturase. Like C. elegans, 

∆12-desaturase of N. vitripennis does not contain all three histidine motifs which are 

conserved in other insect ∆12-desaturase genes (Zhou et al., 2008). Moreover, until now 

no commonalities are known that distinguish all known ∆12 desaturase from regular ∆9 

desaturase on amino acid level which was confirmed by our study. 

Delta12 desaturase activity has long been thought to be absent in animals and instead 

symbiosis with microorganisms has been proposed as an alternative hypothesis for LA 

biosynthesis (de Renobales et al., 1987). However, this hypothesis was already ruled out in 

three species (C. elegans, A. domesticus and T. castaneum) and by confirmation with 

functional characterization of ∆12 desaturase gene was also excluded for N. vitripennis 

(Peyou-Ndi et al., 2000; Zhou et al., 2011, 2008). Therefore, we can assume that LA 

biosynthesis is performed by insect’s via their metabolic pathways instead of relying on 

symbiosis with microbial.  

The evolutionary processes underlying the ability of some invertebrate taxa to biosynthesize 

LA are still unknown (Malcicka et al., 2018). Hypothetically, LA biosynthesis is a 

secondarily derived character rather than an ancestral trait which has re-evolved in some taxa. 

Most likely, this trait has been acquired independently by some species as a result of 

adaptation to LA shortage in their diet or by metabolic/physiological requirements specific 

for a species (Malcicka et al., 2018, this thesis). Therefore, it is important to know what 

selection pressures have led to the regaining of this trait in the jewel wasp. Nasonia 

vitripennis is a parasitic wasp found in birds’ nest where it parasitizes different dipteran hosts 

that suck the blood of nestlings; feed on dead nestlings or on faeces and other organic 
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materials in the nests (Peters and Abraham, 2010). Host diet, therefore, differs in the 

availability and composition of dietary lipids, which results in differing host qualities for the 

wasps (Blaul and Ruther, 2011). Consequently, intraspecific variation in LA concentration 

may exist in N. vitripennis (Blaul and Ruther, 2011) and, therefore, the ability to 

biosynthesize LA could represent a substantial advantage for N. vitripennis. Since LA is 

known to be required for many important functions within organisms, additional amount of 

this compound through de novo synthesis, in addition dietary quantities may be an advantage 

(Malcicka et al., 2018). 

Additionally, LA has an essential function in sex pheromone production (Jurenka, 2003). For 

example, sex pheromone components of two species of arctiid moths, Estigmene 

acrea and Phragmatobia fuliginosa are derived directly from dietary obtained LA (Rule and 

Roelofs, 1989). In addition, some laboratory studies examined the effect of diet, i.e.  the 

abundance or lack of one or more macronutrients, on the attractiveness and/or pheromone 

output in these species (Henneken et al., 2017; South et al., 2011), and found a significant 

link between diet and pheromones production. In another arctiid moth (Utetheisa ornatrix) 

dietary composition of males influence the male attraction to females (Conner et al., 1981). 

Such diet-mediated chemical cues may provide females with information about male fitness 

and their reproductive potential through biological pathways and trade-offs (Henneken et al., 

2017). 

In N. vitripennis, LA has been proven to be a crucial part of sex pheromone synthesis (Blaul 

et al., 2014). During mating behavior, males of N. vitripennis attract females by deposits of 

male sex pheromone HDL and 4-MeQ for which LA and OA are precursors (Ruther et al., 

2007; Ruther et al., 2008). There is a correlation between the amount of HDL produced by 

males and their female fertility. Furthermore, the amount of HDL is influenced by the 

nutritional content of the fatty acids, LA and OA (Ruther et al., 2007; Ruther et al., 2008). 

Males provided with a surplus of LA produce higher levels of sexual signal, which could 

attract more females and thus increase their mating success (Reynolds and Gross, 1990; 

Sheldon, 1994). Therefore, a tentative hypothesis is that LA biosynthesis has evolved in N. 

vitripennis as an adaptation to increase the amount of LA for sex pheromone production.  
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The results of the present study indicate that a functional ∆12 desaturase gene is present in N. 

vitripennis, increasing the evidence that the wasp produces LA by itself without need for a 

symbiotic relationship with microorganisms for biosynthesis. The identified gene is 

phylogenetically closer to the ∆12 desaturase gene of a nematode rather than insect 

desaturase. This might indicate that ∆12 desaturase gene evolved independently from other 

insect ∆12 desaturase. Since this desaturase gene is the most expressed in males during sex 

pheromone production it shows that there is a clear link between acquisition and utilization of 

LA in the evolution of N. vitripennis which is a species-specific. 
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Supplementary material 1 

Accesion 

number  Species 

EU159448 Acheta domesticus 12 

AF338466 Acheta domesticus 9 

KF576675 Tribolium castaneum 12 

NM_001143734  Tribolium castaneum 9 

NM_070159 Caenorhabditis elegans 12 

NM_072413.6 Caenorhabditis elegans 9 

XM_001599786 Nasonia vitripennis 12 

XM_001599529 Nasonia vitripennis 9 

BC061737 Rattus norvegicus 9 

EU363790 Gossypium hirsutum 12 

DU120621 Brassica rapa 12 

FN386265 Candida parapsilosis 12 

AB115968 Saccharomyces kluyveri 12 

J05676 Saccharomyces cerevisiae 9 
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Supplementary material 2 

A phylogenetic tree with ∆12 and ∆9 desaturase   

The  ∆12 and ∆9 desaturase sequences of 13 species were obtained from GenBank (accession 

numbers given in Supplementary material 1) The sequence were first individually aligned 

using the procedure Align by Muscle (Codons) in Molecular Evolutionary Genetics 

Analysis(MEGA) Software, Version 6.0 (Tamura et al., 2013). Alignments were verified by 

eye using Mesquite software, Version 2.75 (Tools for manual alignment, Move Blocks tool 

and Push Sequence tool) (Maddison and Maddison, 2004). Subsequently, the output file was 

converted into a NEXUS file using BioEdit (Hall, 1999). 

The construction of the phylogeny was then made using Likelihood-based Bayesian inference 

(Markov Chain Monte Carlo analysis) in MrBayes, version 3.2 (Huelsenbeck and Ronquist, 

2001; Ronquist and Huelsenbeck, 2003). Two million generations were run with four chains 

(Markov Chain Monte Carlo), the heating parameter set at 0.05, and a tree saved every 200 

generations. The first 2500 trees (25%) were discarded as burn-in and posterior probabilities 

were calculated using the remaining ones. The 50% majority-rule consensus trees were 

constructed with nodal values representing the posterior probabilities. We used Model Test, 

version 3.7 (Posada and Crandall, 1998) to find the best-fit nucleotide substitution model and 

obtain the parameters for the Maximum Likelihood (ML) analysis. The GTR + G model was 

found to fit our alignment data best, as determined by AIC. In the ML trees, we consider 

nodes with P80% boot strap as well-supported, and those with 60-80% as weakly-to 

moderately supported (Hillis and Bull, 1993).  

 

 

http://mesquiteproject.org/mesquite2.71/Mesquite_Folder/mesquite/align/aAlignIntro/manualAlignment.html
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8. Discussion 
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This thesis focuses on the loss and/or regain of an essential metabolic trait in animals, the 

mechanisms and genes underlying its utilization and acquisition, and the question if 

availability of this essential compound in a species’ environment affects its biosynthetic 

ability. In this final chapter I will discuss my results and place them in the context of previous 

knowledge and theory. Moreover, I will further discuss the widespread occurrence of LA 

biosynthesis in arthropods and the potential selection pressures under which this trait has 

evolved. The evolution of LA biosynthetic ability in arthropods through environmental 

compensation and the nutritional importance of this trait will be discussed. The closing part 

of this synthesis will touch on the physiological and metabolic needs of organisms for this 

FA, and the genetic pathway of its biosynthetic mechanism in arthropods and the 

evolutionary dynamics of the trait. Throughout this discussion I will present the future 

directions in research possibilities which can be carried out based on the findings in my 

studies. My results have led to new questions and explanations for the mechanisms 

underlying the evolution of selection pressures.              

Evolutionary trajectories of an essential trait and its dynamics  

Most research concerning essential nutrients is primarily focused on the dietary requirements 

for organisms (Baker, 1986; Anderson, 1997; Fürst and Stehle, 2004; Otten et al., 2006) 

instead of the evolution of the nutritional needs in organisms and their adaptation to 

environmental availability of those nutrients. This particular issue is well illustrated by the 

studies on biosynthesis of one essential fatty acid, linoleic acid, in animals. Scientists for 

decades have assumed that biosynthesis of LA is restricted to plants and a few micro-

organisms (Cripps et al., 1986). However, over the last few decades research on this topic has 

increased and revealed that LA is also synthesized by different insects (de Renobales et al., 

1986; Cripps et al., 1986; Aboshi et al., 2013; Shimizu et al., 2014) and other invertebrates, 

including Nematoda, Pulmonata and Collembola (Weinert et al., 1993; Watts and Browse, 

2002; Malcicka et al., 2017b; Malcicka et al., 2018; Chapter 6). It remains to be resolved, 

however, to what extent this trait is widespread among animal species and if the evolutionary 

gain/loss of this trait is due to environmental restriction or some physiological needs of an 

organism. A phylogenetic analysis compiled of literature data and isotopic labeling studies 

indicated that out of 88 studied invertebrate species, more than 40% have the ability of 
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producing own LA (Menzel et al., 2017; Malcicka et al., 2017a; Malcicka et al., 2018; 

Chapter 6). In early invertebrate groups, such as Crustacea, Nematoda, Acari and 

Collembola, the ability to synthesize LA is widespread, while it is lost in the basal Insecta 

(Zygentoma, Ephemeroptera, Odonata, Dermaptera, Plecoptera) and re-evolved on 7 to 9 

occasions in other insect group (Blattodea, Hemiptera, Hymenoptera, Coleoptera, Neoptera). 

This suggests that functional LA synthesis is an ancestral trait in invertebrates and subsequent 

losses and repeated regains resulted in the current distribution of LA synthesis across insect 

orders (Figure 1).  

 

Figure 1 

A phylogenetic tree of the Arthropods with nematodes as outgroup reconstructed based on 

revised tree in Chapter 2. The revised version contains taxa (order; family) not species. 

Branches are colored grey if all tested species in an order are able to synthesize linoleic acid 

de novo, and colored black if all studied species are unable to. Grey-black branches indicate 

the ability to synthesize LA de novo is mixed among species in the order. 



 

115 

Notably, LA synthesis occurs in Crustacea, Diplopoda, Collembola, Orthoptera, Blattodea, 

Hemiptera, Hymenoptera and Coleoptera. In all these taxa, LA biosynthesis may have 

evolved in a common ancestor and subsequently lost again, or alternatively, it re-evolved on 

multiple separate occasions and was repeatedly lost again in several species. However, this 

trait has never been observed in Lepidoptera and Diptera. This might be because of the small 

number of sampled species or because it has never evolved in those two orders. This supports 

the hypothesis that LA is evolutionary a labile trait that evolved under multiple evolutionary 

transitions early in the evolution of the Animalia (Malcicka et al., 2017b; 2018; Chapter 6).  

It is remarkable how the ability for LA biosynthesis is complete missing in vertebrates, while 

it is quite common within various groups of arthropods. In vertebrates it seems that LA 

biosynthesis has been lost due to the presence of excess amounts of this FA in the vertebrate 

diet/environment that has rendered biosynthesis redundant, similarly what was discovered in 

vitamin C biosynthesis in some animals (Chatterjee, 1973; Ohta and Nishikimi, 1999). Most 

likely similar mechanisms may have played a role in invertebrates. As a consequence, we 

would expect to find a lack of LA synthesis in species with LA-rich diets. To test this 

hypothesis we used a basal group of hexapods, Collembola. Collembola are living on the soil 

surface or in the soil or humus, on litter, sometimes even in caves or on water, trees or snow 

(Hopkin, 1997). They are a very diverse arthropod group, with a broad range of food items, 

and many ecological, morphological and physiological adaptations to the different abiotic 

factors in the habitats they occupy.  

We showed that the evolutionary variability in traits was also found in LA biosynthesis. A 

comparative study using fully isotopically labeled oleic acid to test for de novo synthesis of 

LA, demonstrated that LA biosynthesis is widespread within Collembola. It is noteworthy 

that there was even a difference in biosynthetic ability between two closely related species in 

the genus Folsomia (Malcicka et al., 2017b). To understand why even congeneric species do 

not share the ability of LA de novo synthesis, I studied the evolutionary trajectories and 

potential selection pressures in the evolution of LA, which I explain in more detail below.   
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Selection pressures and environmental compensation of the essential trait biosynthesis 

A leading hypothesis explaining the loss of LA biosynthesis in animals is the presence of an 

abundant amount of this nutrient in the ancestral diet, making its synthesis redundant. Since 

LA is an essential FA obtained primarily through a plant-based diet, in Chapter 2 and 4 I 

hypothesized that excess availability of LA in a species’ environment or diet could lead to 

degradation of LA molecular and biochemical mechanisms of this trait. Under those 

circumstances, we would predict to find LA synthesis in fungal eaters or predators 

(carnivores) which miss LA in their diet or whose diet does not contain sufficient amounts of 

this FA to meet their needs. However, our results showed no clear link between the ability to 

synthesize LA and species’ diet (Chapter 2 and 4). Some species possess the ability for LA 

biosynthesis despite the high amounts of LA present in their diet whereas others, even closely 

related species with similar dietary composition, do not synthesize LA. I would expect such a 

phylogenetic distribution of this trait if having LA biosynthetic ability would place metabolic 

costs at species, so that an abundance of LA in the environment would quickly lead to the 

degradation of LA synthesis. This dietary compensation hypothesis should be tested in a 

comparative phylogenetic context to be able to distinguish between the hypotheses of LA 

biosynthetic ability either having been lost in herbivorous and/or omnivore’s species (LA-

rich diet), or gained in species lacking LA in their diet.  

Collembola form an outstanding study system to test this diet compensation hypothesis 

because their dietary composition is well-documented (Sauer and Ponge, 1988; Greenslade et 

al., 2002; Berg et al., 2004; Malcicka et al., 2017a). Moreover, their diet is very variable and 

LA biosynthesis occurred multiple times (Malcicka et al., 2017a; b). During my PhD 

research, I carried out a comprehensive phylogenetic analysis through the examination of 

biochemical properties and diet preference of a diverse set of Collembola species. The 

knowledge about Collembola diets in combination with the concept of trait loss/gain 

generates strong predictions as to which species would be expected to possess LA 

biosynthesis. The result of the analysis suggests that there is no relationship between a lack of 

LA in the diet and the ability for LA biosynthesis in Collembola (Malcicka et al., 2017b). The 

same lack of correspondence between presence/absence of LA in food versus LA synthetic 

ability was observed when testing this in diverse species of arthropods (Malcicka et al., 2018; 
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Chapter 6). For instance, Tyrophagus mites are known as pests of various crops including 

spinach, cucumber and wheat (Czajkowska, 2002; Iatrou et al., 2010). Although their diet is 

high in LA, Tyrophagus mites still produce their own LA (Shimizu et al., 2014). Similar 

findings resulted from an experiment testing feeding preference of six Collembola species 

(Chapter 5). While some species (e.g. Folsomia candida) are capable of LA biosynthesis, 

they still prefer food with an additional amount of this nutrient (Chapter 5) and even a species 

lacking LA biosynthesis (Orchesella cincta) showed preference for LA-enrich food 

(Malcicka et al., 2017b; Chapter 5). The experiment showed that regardless of biosynthetic 

activity in Collembola, LA-enriched food was still preferred.   

One of the potential explanations for the absence of a link between food composition and LA 

biosynthesis might be the quantity and quality of LA present in species diets. For instance, 

the amount of LA in plants and their organs on which Collembola feed can vary significantly 

(Glew et al., 1997). Moreover, the amount of LA biosynthesized might depend on the 

interplay between a species’ food composition (how much LA is present) and the biological 

functions i.e. egg-laying behavior, sex pheromone production, etc., LA performs in that 

specific species.  

Another possibility then food to obtain a sufficient amount of LA for dietary and phenotypic 

requirements could be through a close association with microorganisms that produce LA. It is 

widely acknowledged that endosymbionts provide a wide range of key metabolites for their 

hosts (Douglas, 1998; Oliver et al., 2010). A classic example is the endosymbiotic bacterium 

Buchnera that synthesizes essential amino acids for its aphid hosts (Zientz et al., 2004). It is 

thus not surprising that observations on LA-accumulation in invertebrates have led to the 

suggestion of the involvement of microorganisms in the biosynthesis of LA (Roughan and 

Slack, 1982). However, the biosynthesis of microbial PUFAs has been often studied in the 

context of biodiesel production using microbial oils or PUFAs as food source for humans 

provided by the gut microflora (Bauman et al., 2000; Li et al., 2008). Research on microbial 

PUFAs production in invertebrates is still rarely done. Nonetheless, the few studies carried 

out on insects, showed that microorganisms are not involved in the production of LA 

(Wharton and Lola,1970; Mauldin et al., 1978; Dwyer and Blomquist, 1981; Blomquist et al., 

1982; Stanley-Samuelson et al., 1986; de Renobales et al., 1986; Jurenka et al., 1987; 

Borgeson et al., 1991).  
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Driving forces underlying physiological pathways of an essential trait  

To further understand species’ LA requirements, we should investigate the important 

physiological and metabolic pathways in which LA plays a role. This can be achieved by 

linking phenotypic traits with the metabolic pathways that utilize LA. LA determines 1) the 

physical properties of cell membranes, 2) is the main substrate for the synthesis of other 

PUFAs (eicosanoids), 3) are part of immunity and stress responses, 4) play a role in egg-

laying behavior and 5) act as a substrate for alarm and sex pheromones (Stanley, 2006; Park 

et al., 2012; Blaul et al., 2014; Brandstetter and Ruther, 2016). In insects, LA often modulates 

immune function through its effect on eicosanoid synthesis (Chuang et al., 2001). 

Eicosanoids are signaling molecules made by the enzymatic or non-enzymatic oxidation of 

PUFAs, and mediate specific cell actions, including phagocytosis, micro-aggregation, 

nodulation, hemocyte migration and they have a significant part in the insect immune 

response to bacterial, fungal and viral infections (Stanley-Samuelson et al., 1991; Harizi and 

Gualde, 2005; Stanley et al., 2012; Büyükgüzel, 2012; Park and Kim, 2012). Another crucial 

function of eicosanoids in insects and some vertebrates is in egg-laying behavior (Souza et 

al., 2011; Perez et al., 2015). For instance, eicosanoids are responsible for triggering 

oviposition in the cricket, Acheta domesticus, capable of LA biosynthesis (Destephano and 

Brady, 1977). This might explain why A. domesticus although living on an LA-rich diet is 

still capable of synthesizing its own LA (Malcicka et al., 2018), as it may produce the 

necessary additional amounts of this fatty acid for eicosanoids production. This supports the 

hypothesis that there are multiple selection pressures that drive the evolution of LA synthesis 

in the same direction and that it is hard to disentangle them, because one needs to have 

detailed knowledge about the species biology to see which is the selection pressure driving 

LA synthesis in particular species. 

Additional support for a species-specific hypothesis can be seen in pheromones production in 

invertebrates. A pheromone is a gaseous chemical factor that triggers a social response in 

members of the same species with having an impact on the behavior of the receiving 

individuals. There are different types of pheromones, such as alarm, food trail, aggregation 

and sex pheromones, which are well documented for many insects and other invertebrates 

(Vander Meer et al., 1988). LA has also been identified as a critical component of 

https://en.wikipedia.org/wiki/Chemical
https://en.wikipedia.org/wiki/Alarm_signal
https://en.wikipedia.org/wiki/Sex_pheromones
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pheromones produced by one or both partners in many insect species, particularly in 

Lepidoptera and Diptera, but also in some species of Coleoptera but also in mites (Blomquist 

et al., 1987; Vandenvel and Oehlschlager, 1987; Rule and Roelofs, 2005; Fujii et al., 2013; 

Blaul et al., 2014; Shimizu et al., 2014; Rong et al., 2014). The biosynthesis of these 

pheromones is mediated via sterols, which are synthesized from smaller organic precursors 

obtained from food (Rees and Isaac, 1985) or endosymbionts provide its host with additional 

transformations of dietary sterols (reviewed in Grieneisen, 1994). Thus food is probably the 

most significant environmental factor shaping chemical signals in animals since some dietary 

components are converted directly into pheromones (Grieneisen, 1994; Hock et al., 2014; 

Henneken et al., 2017). However, having an additional supply of pheromone precursor, such 

as LA, obtained via de novo synthesis may contribute to reproductive success of a species. 

Pheromones are produced in species capable of de novo synthesis of LA. For instance, a 

defense pheromone was described in the aphid Acyrthosiphon pisum capable of LA 

biosynthesis. The wings Acyrthosiphon pisum releases the alarm pheromone (E)-b-farnesene 

(EBF) under the attack of its predator (Kunert and Weisser, 2005). Moreover, when aphids 

are exposed to this pheromone, they start producing winged offspring and increase the 

number of physical contacts due to increase in movement (Kunert and Weisser, 2005). 

Another species capable of LA biosynthesis, a Tyrophagus mite, is using LA as a substrate 

for alarm pheromones (Leal et al., 1998).  

However, it would be too speculative to conclude that pheromone production in invertebrates 

is a driver of LA synthesis evolution, since in many species LA, while necessary as a 

precursor for pheromone production, these species cannot biosynthesize this FA (Millar, 

2000). Again, there seems to be species-specific. For instance, Brandstetter and Ruther 

(2016) studied the production sex pheromones in Nasonia vitripennis (capable of LA 

synthesis) and discovered that males reared on LA-enriched food have a four times higher 

production of sex pheromones then males reared with minimal amount of LA in their food. 

Thus, a clear link exists between the ability to synthesize LA and sex pheromone production 

in this parasitic wasp. The connection between the presence of sex pheromones and LA 

production in N. vitripennis was also confirmed by functional characterization of a gene that 

resulted in strong sex differences between males and females of this species (Wang et al., 

2015). This gene belongs to the FA desaturase gene family, which is essential in LA 
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synthesis. This gene showed high expression in males during sex pheromone production 

(Wang et al., 2015; Chapter 7) and functional analyses confirmed its Δ12 desaturase activity 

(Chapter 7). Since I did not find a clear link between diet and LA biosynthesis, I have studied 

if there is a connection between sex pheromone production and LA biosynthesis in 

Collembola, by conducting a choice experiment to detect if food enriched with LA influence 

the production of sex pheromones by males via female choice of the spermatophores 

(Chapter 5). This spermatophore choice-experiment showed that females from some 

Collembola species prefer the spermatophores from males reared on LA-enriched food 

(Chapter 5). For example, females of Orchesella cincta (not able to synthesize own LA) 

preferred spermatophores from males fed with an additional amount of LA in their food, 

while females of Folsomia candida (produce their own LA) preferred spermatophores from 

males reared without additional LA in their food. The difference between those two species 

can mirror their dissimilar functional and metabolic requirements in mating behavior 

(Chapter 5). Therefore, we can assume that LA synthesis does not seem to evolve in response 

to selection pressure on a single function, but rather seems to evolve through a balance 

between the acquisition and utilization specific for a species.  

The genetic mechanisms of trait biosynthesis  

Tracing the evolutionary history of a trait can reveal major steps in trait changes over time, 

such as gain, loss and reversions of traits. To test which evolutionary transitions and possible 

mutations were instrumental in the evolution of a trait, we need to obtain sufficient genetic 

data related to expression of this trait. Thus, examining the underlying genes may shed more 

light on the evolution of LA de novo synthesis. For decades, scientists have primarily focused 

on finding proof for the presence of Δ12 desaturase in plants and later in microorganisms (Li 

et al., 2007; Yu et al., 2009; Ahmad et al., 2015) rather than in invertebrates. This may be the 

explanation why Δ12 desaturase has been studied and sequenced in only four animal species, 

i.e. Caenorhabditis elegans, Acheta domesticus, Tribolium castaneum, and Nasonia 

vitripennis (Watt and Browse, 2002; Zhou et al., 2008; Chapter 7). A comparison of this gene 

with homologs in plants and animals suggests that two insects, i.e. Acheta domesticus and 

Tribolium castaneum, Δ12 desaturase is more similar to Δ9 desaturase in animals than to Δ12 

desaturase of plants (Zhou et al., 2008), while in Caenorhabditis elegans and Nasonia 
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vitripennis Δ12 desaturase is closer to Δ12 desaturase in plants and microorganism (Peyou-

Ndi et al., 2000; Chapter 7). This might explained why Δ12 desaturase in C. elegans 

possesses bifunctional activity of ∆12/∆15 desaturase (Zhou et al., 2011), a phenomenon 

seen, for instance, in yeast. Yeast has acquired this bifunctional activity through a novel gene 

derived from gene duplication (Yan et al., 2013). However, bifunctionality has never been 

discovered in insect Δ12 desaturase although the histidine motifs of the insect Δ12 desaturase 

have some similarity with those of the insect Δ9 desaturase (Zhou et al., 2008; Chapter 7). 

Strikingly, the Δ12 desaturase of the cricket, the flour beetle and the jewel wasp appeared to 

have evolved independently from all other known desaturase and from each other (Chapter 

7).  

Thus, the evolution of this trait can be caused by pleiotropy. Pleiotropy is defined as a 

phenomenon in which a single locus affects two or more apparently unrelated phenotypic 

traits and is often identified as a single mutation that affects two or more wild-type traits 

(Stearns, 2010). Although, pleiotropy has been well-studied (e.g. Cortese et al., 1974; 

Lambeth, 2007) many scientists overlook or even ignore the fact that evolution works 

opportunistically and that some traits (as well as genes) can have neutral functions or may 

even be harmful (Bravo et al., 2014). This can be the case particularly if a slightly harmful 

trait is linked with the expression of a highly beneficial one. Therefore, insect LA 

biosynthesis might evolve as a mutation or gene duplication of their Δ9 desaturase given the 

high similarity to Δ9 desaturase. For instance, Tokuriki and Tawfik (2009) claim that some 

proteins are conformational dynamic and exhibit functional promiscuity which can facilitate 

the divergence of new functions within existing protein groups and start the evolution of 

completely new protein groups. This scenario might be the reason why Δ9 desaturase and 

Δ12 desaturase of insects are structurally very similar but with species-specific functions.  

The role of evolution on the trait dynamics   

To understand driving forces and evolutionary consequences of trait dynamics we need to 

study trait acquisition and evolutionary novelties. If an essential trait is supplied by a 

symbiotic relationship with other organisms or due to its high presence in species’s 

diet/environment, the trait is prone to degrade. The trait can be conserved because food 

sources and metabolic requirement for a species differ thus consumers have to balance the 
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costs and benefits of nutrient acquisition and utilization. Therefore, it is a fundamental aim in 

evolutionary biology to unravel why novel characters arise and how these characters 

contribute to an individual’s fitness. In other words, how the evolution and development of a 

novel trait can enrich a species genetic potential and enhances the fitness potential of a 

species. Future studies on trait evolution should take into account closely related populations 

with different LA biosynthetic ability to identify the principles in which an environmental 

shift removes a source of selection and enable to evolve a new trait, LA biosynthesis. 
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Summary 

To recognize underlying mechanisms of the trait dynamic (loss and/or gain) for 

understanding its driving forces and evolutionary consequences in the context of ecological 

interactions we need to study trait acquisition and evolutionary novelties. If an essential trait 

is supplied by symbiotic relationship with other organism or due to abundance in species 

environment, the trait is prone to loss or despite its abundant accessibility is still maintained. 

The trait can be conserved because food sources and metabolic requirement for a species 

differ thus consumers have to balance the costs and benefits of nutrient acquisition and 

utilization. The diet of organisms generally provides a sufficient supply of energy and 

building materials for healthy growth and development, but should also contain essential 

nutrients. Species differ in their exogenous requirements, but it is not clear why some species 

are able to synthesize essential nutrients, while others are not. The polyunsaturated essential 

fatty acid, linoleic acid (LA; 18:2n-6) plays an important role in functions such as cell 

physiology, immunity, and reproduction. LA is readily synthesized in bacteria, protozoa and 

plants, but it was long thought that all animals lacked the ability to synthesize LA de novo 

and thus required a dietary source of this fatty acid. Over the years, however, an increasing 

number of studies have shown active LA synthesis in animals, including insects, nematodes 

and pulmonates. Despite continued interest in LA metabolism, it has remained unclear why 

some organisms can synthesize LA while others cannot. 

Here, I review the mechanisms by which LA is synthesized and which biological functions 

LA supports in different organisms to answer the question why LA synthesis was lost and 

repeatedly gained during the evolution of distinct invertebrate groups. I proposed several 

hypotheses and compile data from the available literature to identify which factors promote 

LA synthesis within a phylogenetic framework. By investigating a dietary composition and 

requirements of an early arthropod group, Collembola, and some other arthropods, I have 
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found that there is no clear evidence for a relationship between LA synthetic ability and the 

natural diet of species. However, since LA plays also important role in sex pheromone 

production, during my studies I have hypothesize that LA synthesis may evolved as a selective 

pressure of sexual selection. Through studying spermatophore choices in Collembola 

females, I have revealed that LA might be an important component in sexual selection for 

some collembolan species. Moreover, by functionally characterizing a gene in a jewel wasp, 

Nasonia vitripennis, known as a key enzyme for sex pheromone production, I have shown 

that in that species LA has evolved as a selective pressure of sexual selection. Therefore, we 

can assume that LA biosynthesis is a secondarily derived character which has re-evolved in 

some invertebrate taxa. Most likely, this trait has been acquired independently by some 

species as a result of adaptation to LA shortage in their diet or by metabolic/physiological 

requirements specific for a species. Future studies of trait should focus on ancestral 

populations to identify principles in which an environmental shift removes a source of 

selection, leading to loss of function in the new environment and/or what selection pressures 

underlined evolving of new trait.  
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Samenvatting 

Om de mechanismen achter de dynamiek van zowel het verlies en/of het verkrijgen van 

eigenschappen te herkennen, zodat we de drijvende krachten en evolutionaire gevolgen ervan 

binnen de context van ecologische interacties kunnen begrijpen, moeten we de acquisitie van 

eigenschappen en evolutionaire noviteiten bestuderen. Als een essentiële eigenschap wordt 

geleverd door een symbiotische relatie met een ander organisme of door de overvloed ervan 

in de omgeving van de soort, is de eigenschap vatbaar voor verlies of wordt deze ondanks de 

overvloedige toegankelijkheid nog steeds gehandhaafd. De eigenschap zou behouden kunnen 

blijven omdat de voedselbronnen en metabolische vereisten van een soort variëren, waardoor 

consumenten de kosten en baten van de verwerving en het gebruik van voedingsstoffen in 

evenwicht moeten houden. Het dieet van organismen levert over het algemeen voldoende 

energie en bouwmaterialen op voor een gezonde groei en ontwikkeling, maar moet ook 

andere essentiële voedingsstoffen bevatten. Soorten verschillen in hun exogene behoeften, 

maar het is niet duidelijk waarom sommige soorten essentiële voedingsstoffen kunnen 

synthetiseren, terwijl andere dat niet kunnen. Het meervoudig onverzadigde essentiële 

vetzuur, linolzuur (LA; 18: 2n-6) speelt een belangrijke rol in functies als celfysiologie, 

immuniteit en voortplanting. LA wordt gemakkelijk gesynthetiseerd in bacteriën, protozoa en 

planten, maar lang werd aangenomen dat alle dieren niet het vermogen hadden om LA de 

novo te synthetiseren en daarom dit vetzuur via hun voedsel moesten binnenkrijgen. In de 

loop der jaren hebben echter steeds meer onderzoeken aangetoond dat er ook actieve LA-

synthese bij dieren voorkomt, waaronder insecten, nematoden en longslakken. Ondanks de 

aanhoudende interesse in het LA-metabolisme is het onduidelijk gebleven waarom sommige 

organismen LA kunnen synthetiseren, terwijl andere dit niet kunnen. 

In dit proefschrift bekijk ik de mechanismen waarmee LA wordt gesynthetiseerd en welke 

biologische functies LA ondersteunt in verschillende organismen om de vraag te 
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beantwoorden:  waarom werd de LA-synthese herhaaldelijk verloren en weer opgedaan 

tijdens de evolutie van verschillende ongewervelde groepen? Hiervoor stelde ik verschillende 

hypotheses voor en verzamelde gegevens uit de beschikbare literatuur om binnen een 

fylogenetisch raamwerk te identificeren welke factoren LA-synthese bevorderen. Door 

onderzoek te doen naar de voedingssamenstelling en vereisten van een groep primitieve (de 

Collembola) en enkele andere geleedpotigen, heb ik geconstateerd dat er geen duidelijk 

bewijs is voor een verband tussen het kunnen synthetiseren van LA en het natuurlijke dieet 

van soorten. Omdat LA echter ook een belangrijke rol speelt in de productie van 

seksferomonen, heb ik tijdens mijn onderzoek ook de hypothese gevormd dat de LA-synthese 

kan evolueren onder een selectieve druk vanuit seksuele selectie. Door het bestuderen van 

spermatofoorkeuzes in Collembola-vrouwen, heb ik onthuld dat LA mogelijk een belangrijke 

component is voor seksuele selectie in sommige Collembola-soorten. Bovendien, heb ik door 

het functioneel karakteriseren van een gen in een bronswesp (Nasonia vitripennis), dat 

bekend staat als een sleutelenzym voor seksferomoonproductie, aangetoond dat LA in die 

soort is geëvolueerd onder een selectieve druk vanuit seksuele selectie. Daarom kunnen we 

aannemen dat de LA-biosynthese in sommige ongewervelde taxa een secundair afgeleide 

eigenschap is die opnieuw is geëvolueerd. Hoogstwaarschijnlijk is deze eigenschap door 

verschillende soorten onafhankelijk van elkaar verkregen als gevolg van een aanpassing aan 

LA-tekort in hun dieet of door de specifieke metabolische/fysiologische behoeften van een 

soort. Toekomstige studies naar deze eigenschap moeten gericht zijn op voorouderlijke 

populaties om principes te identificeren waarin een omgevingsverschuiving een bron van 

selectie wegneemt die leidt tot functieverlies in de nieuwe omgeving en/of welke 

selectiedrukken ten grondslag liggen aan de ontwikkeling van een nieuwe eigenschap.  
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