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Abstract Dietary lipids (DLs), particularly sterols and fatty acids, are precursors for endogenous 
lipids that, unusually for macronutrients, shape cellular and organismal function long after inges-
tion. These functions – cell membrane structure, intracellular signalling, and hormonal activity – vary 
with the identity of DLs, and scale up to influence health, survival, and reproductive fitness, thereby 
affecting evolutionary change. Our Ecological Lipidology approach integrates biochemical mech-
anisms and molecular cell biology into evolution and nutritional ecology. It exposes our need to 
understand environmental impacts on lipidomes, the lipid specificity of cell functions, and predicts 
the evolution of lipid-based diet choices. Broad interdisciplinary implications of Ecological Lipi-
dology include food web alterations, species responses to environmental change, as well as sex 
differences and lifestyle impacts on human nutrition, and opportunities for DL-based therapies.

Introduction
The importance for health and disease of optimal levels of total and individual dietary lipids (DLs) 
is uncontested in medical research: links to obesity, diabetes, cardiovascular and neurodegener-
ative disease, and cancer have been much studied and commented upon (Ludwig et  al., 2018). 
For example, the over-consumption of dietary saturated fatty acids (SFAs) is thought to contribute 
to obesity-related pathology, while phytosterol consumption is thought to be beneficial, reducing 
harmfully high cholesterol levels by blocking uptake (Wang and Hu, 2017). However, beyond excess 
consumption in humans, or improved feed production for livestock and fisheries, the effect of DLs 
has major ecological and evolutionary implications in research areas ranging from food web structure, 
species distribution, to sex differences and diet choice.

In nutritional ecology, the energetic value of DLs is well established (Raubenheimer et al., 2009; 
Simpson and Raubenheimer, 2012). Beyond that, DLs critically influence other bodily functions such 
as membrane properties (Figure  1; Behmer and Nes, 2003; Hazel, 1995; Hulbert et  al., 2014; 
Jie et al., 2019; Kostal, 2010; Sinensky, 1974; Twining et al., 2021), intracellular signalling, and 
hormonal activity (Lavrynenko et al., 2015; Yore et al., 2014). One general and key feature makes 
DLs unusual among nutrients: whilst consumers break down some DLs into basic molecules (e.g., free 
fatty acids [FAs]) but not others (sterols), the incorporation of these basic molecules into their own 
lipids (‘building blocks’) shapes biological functions long after ingestion, from hours (muscle) to years 
(brain). DLs, and the ability to process them from other dietary material, vary through consumer hierar-
chies and can vary across environments. Many organisms cannot synthesise all lipids themselves, that 
is, they are auxotroph for certain lipid classes (e.g., sterols) or lipid species (e.g., polyunsaturated fatty 
acids [PUFAs] or glycerophospholipids with PUFA moieties) that are required for organismal function 
(essential lipids) (Twining et al., 2021) . For example, insects and nematodes are sterol auxotrophs 
(Behmer and Nes, 2003); many vertebrates, including humans, but also insects are restricted in their 
PUFA production, and some can produce monounsaturated fatty acids (MUFAs) only. Understanding 
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this paradox and how DL-mediated molecular and cell functions affect reproductive fitness (the 
number and quality of offspring produced in the next generation) in different species, that then have 
consequences for evolution and food webs, requires a joined-up approach of lipid cell biology, nutri-
tion, and ecology, which we term Ecological Lipidology.

The Ecological Lipidology approach can be viewed as part of the broader nutritional ecology 
framework (Raubenheimer et al., 2009; Simpson and Raubenheimer, 2012). It augments this and 
previous nutritional approaches (reviewed in Raubenheimer et al., 2009) by being very explicit in 
terms of lipid species or lipid classes and their molecular or cell biological mechanism (the lipidology 

Figure 1. Lipids influence cell membrane properties. Dietary lipids (DLs) integrate into cell membranes where they have vital cellular functions 
that ultimately influence reproductive fitness (see Table 1). Phosphoglycerolipids are polar, with a hydrophilic ‘head’ and hydrophobic ‘tail’. In cell 
membranes, they are oriented with heads on the outside to the extracellular environment, the tails on the inside towards the cell interior. Sterols are 
also incorporated, and can be locally enriched to affect membrane properties in specific areas. The lipid profile differs between the inner and outer 
leaflets, reflecting their different biological functions. The lipid profile of a membrane determines its diffusion properties, fluidity, curvature, and width 
(Harayama and Riezman, 2018). The quantity of membrane sterols, as well as the amount, chain length, and saturation, of fatty acids that form 
phospholipids and sphingolipids influence the amount of water interspersed in the membrane leaflets. For example, cis unsaturation in the tails of 
fatty acids change the angle between neighbouring carbons and generate a kink, creating space for water molecules to intersperse, which in turn 
increases membrane fluidity. Similarly, the unequal distribution of sterols in the leaflets can result in asymmetries (Steck and Lange, 2018), and facilitate 
membrane curvature. Curvature determines molecular transport and endocytosis but reduces stiffness and integrity, and its maintenance likely incurs 
energetic costs (Stachowiak et al., 2013). Membrane width is mostly defined by fatty acid chain length, however, their saturation type and abundance 
is also important. Membrane width influences the insertion of transmembrane proteins and is thus a critical variable for the protein sorting machinery in 
the cellular organelles, including the Golgi apparatus or the endoplasmatic reticulum.

https://doi.org/10.7554/eLife.79288
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part). Ecological Lipidology also links specific lipids and their functions to the phenotype and fitness, 
by examining how the environment causes changes in the lipidome and by analysing ecological and 
evolutionary consequences of such lipidome variation (the ecological part). Because DLs are not 
essential for energy metabolism, the energetic aspect is currently underrepresented in our Ecological 
Lipidology approach.

The advent of lipidomics, the organism-wide quantitative analysis of the full lipid complement 
(Ejsing et al., 2009), has led to an unprecedented availability of data on the identity and abundances 
of individual species from major lipid classes. In this review we emphasise that distinct DLs have essen-
tial non-metabolic functions that are important from the cellular to the ecological level. We present 
the Ecological Lipidology approach by (1) summarising that different environments cause variation in 
the lipidome of producers. We (2) review the strong cellular, organismal, survival, and fitness impact 
of DL variation and show (3) that the impacts can depend on the environment. This leads us to (4) 
testing the prediction that natural selection favours lipid selectivity by diet choice, which itself may be 
regulated by the environment. We (5) propose lipid selectivity to have wide-ranging consequences for 
food web ecology, biodiversity, micro- and macroevolution. We conclude by proposing some implica-
tions of Ecological Lipidology for biomedical research.

Environmental influences on lipidome properties of 
producers
Primary producers in food webs such as bacteria, protists, algae, fungi, and plants use carbohydrates 
from the environment to make a diverse range of lipids, such as FA, sterols, or sterol-like molecules. 
These organisms show large interspecific (Surma et al., 2021) variation in levels of both gross lipid classes 
and individual lipid species (e.g., de Carvalho and Caramujo, 2018; Kainz et al., 2009; Twining et al., 
2021; Zu et al., 2021). Insufficient data exist but it appears that producers rarely alter their lipidome 
in response to pollinators (Zu et al., 2021), parasites (Eigenbrode and Espelie, 1995), or predators, 
that is, in response to ecological top-down processes. Instead, different nutrient availability, specialised 
evolved metabolic pathways, or adjustment of the production of specific lipid species or lipid classes in 
response to the environment, particularly temperature (Wang et al., 2006), shape lipidomes. A promi-
nent, 50-year-old theory, named ‘homeoviscous adaptation’, posits that ectothermic organisms modify 
the biophysical properties of cell membranes (Figure 1) by incorporating specific lipids that then increase 
survival under cold temperatures (Brankatschk et al., 2018; Geiser, 2021; Hazel, 1995; Hulbert et al., 
2014). These modifications refer to within-individual, reversible changes that typically happen within 
hours, rather than to genetic changes over generations that evolutionary biology defines as ‘adaptation’. 
We therefore refer to the theory as ‘homeoviscous plasticity’. Sterols and FAs – incorporated, for example 
into glycerophospholipids or sphingolipids – determine major properties of cell membranes (Figure 1), 
and are key players in homeoviscous plasticity in two ways. First, at low temperatures lipids organise 
themselves into local lipid microdomains, some of which can recruit membrane proteins and may render 
them inactive (Lin et al., 2018). Second, producers can counter the decreased membrane fluidity and 
permeability at low temperatures (Brankatschk et al., 2018; Caron et al., 2014) by incorporating glyc-
erophospholipids that consist of long and unsaturated FA moieties or by incorporating sterols. This leads 
to increased membrane width (Figure 1; Caron et al., 2014). Some lipids are better than others at main-
taining cellular water balance under cold temperatures because the physical shape of membrane lipids 
affects how they are organised, and the ability of water to intersperse (Garda et al., 1997; Rogowska 
and Szakiel, 1988; Figure 1). However, in deep freeze conditions, higher water content may increase 
cellular damage due to ice-crystal formation (Giraud et al., 2000; Turk et al., 2011). This and disadvan-
tages of cold resistance at higher temperatures (Brankatschk et al., 2018; Hulbert and Abbott, 2011; 
Twining et al., 2021; Zeis et al., 2019) likely prevent the evolution of genetically fixed responses in lipid 
composition to cold temperatures and maintain homeoviscous plasticity.

In summary, the lipid composition of membranes has profound consequences for membrane 
properties and function (Coskun and Simons, 2012). Producers modulate their lipidome to match 
membrane function to temperature challenges (homeoviscous plasticity); the advantages in other 
environments, such as heat, drought, circadian changes, or intracellular parasites, are currently less 
clear (Scheitz et al., 2013; Tognini et al., 2017; Twining et al., 2021).

https://doi.org/10.7554/eLife.79288
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Impact on consumers: individual DLs shape cellular traits that 
scale up to fitness
The membranes of producers and consumers may have little in common chemically but they still have 
to function as barriers. Consumers modify their endogenous lipids for the same reasons as producers: 
to build cell membranes that maintain fluidity in the face of environmental variation (Hulbert et al., 
2014; Hulbert and Abbott, 2011). Given the large variation in the lipidome of producers and in the 
consumers’ ability to convert DLs into complex lipids (Behmer and Nes, 2003; Clayton, 1964; Jing 
and Behmer, 2020; Twining et  al., 2021), we expect that specific DLs exert large differences on 
consumers. This expectation has strong support from cellular to fitness levels and includes differences 
caused by the absence or the amount of a specific DL (quantitative effects) but also qualitative effects, 
when one DL species is replaced by another.

Quantitative and absence effects of DL
Hundreds of studies demonstrate that absence or suboptimal amounts of certain DLs affect cell func-
tion, physiology, or health. Most focus on calorically undefined high-fat and low-fat diets or n-3/n-6 
PUFA ratios, especially in metabolism and obesity of mammals (Moussavi et al., 2008) but ecological 
effects are also demonstrated for different species and other lipid classes. The concentration of dietary 
cholesterol and other sterols alters growth and fecundity in many arthropod species (Ilić et al., 2019; 
Jing and Behmer, 2020). Stearic acid provided with the diet and incorporated into endogenous lipids 
activates the JNK pathway, markedly improves mitochondrial function and biogenesis in human cells 
and Drosophila melanogaster, translating into longevity benefits and the rescue of genetic defects 
(Bajracharya and Ballard, 2018; Senyilmaz Tiebe et al., 2018; Senyilmaz et al., 2015). PUFA reduce 
coral bleaching (Tagliafico et al., 2007), improve immune defence, survival, growth, and develop-
ment of birds (Awadin et al., 2020; Twining et al., 2016), or critically influencing many aspects of 
female reproduction (Schultzhaus et al., 2018; Schultzhaus and Carney, 2017; Wathes et al., 2017). 
PUFA supplementation alters the sperm lipidome and sperm quality parameters in many species but 
evidence for impacts on fertility or fitness remains scarce (rats: Yan et al., 2013, guppies: Rahman 
et  al., 2014). These examples illustrate that specific levels of certain lipids are required and that 
natural selection can be expected to operate on maintaining the ingestion of appropriate quantities 
of DLs. An important issue in Ecological Lipidology is to determine how essential a DL’s effect is on 
fitness, or whether it can be replaced by alternatives. The examples below show that replacing lipids 
as they become scarce is not always an option because lipid-mediated reductions in bodily functions 
can impact fitness.

Qualitative variation
Cellular effects, metabolism, growth, and development
The chemical properties of DLs incorporated as endogenous lipids into membranes (Figure 1) can 
fundamentally change the function of even differentiated cells (Stinkens et al., 2015; Table 1). This 
is particularly relevant in gut cells because they are the first contact points, they differ in their absorp-
tion rates of different sterol species in humans, and because DL effects can change subsequent lipid 
uptake. In D. melanogaster, dietary sterols increase the number of endocrine cells in the midgut, 
whereas stearic acid decreases, or even kills them (Obniski et al., 2018), impairing future food uptake 
and water homeostasis. In mice, metabolised dietary PUFAs are preferentially built into the complex 
phospholipids of membranes as soon as they are available (Levental et al., 2020) and PUFA-enriched 
phosphatidylcholine of the apical (luminal) membrane of gut cells increases the absorptive function of 
enterocytes, compared to SFA (Wang et al., 2016). Other cellular changes with likely fitness effects 
are summarised in Table 1.

Specific DLs fundamentally affect growth and development of arthropods (Table  1, Jing and 
Behmer, 2020), of other ectotherms, and of fermenting yeast (Liu et al., 2019). These effects on 
growth are mediated mainly by structural cell membrane alterations and hormonal changes (Lavry-
nenko et al., 2015). As dietary FAs associate with key morphogens (molecules that control patterning 
during development) such as Hedgehog and Wnt, a strong prediction – but a key unknown – is that 
developmental variation arises because DLs alter the structure of morphogens.

https://doi.org/10.7554/eLife.79288
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Table 1. Examples of specific dietary lipids affecting animal health and fitness traits.
Potential fitness effects for cellular and metabolic traits as well as the given or putative lipid activity (signalling S, membrane property 
M, or unknown ? changes) are given in brackets. Rat – Rattus rattus, mouse – Mus musculus, fly – Drosophila melanogaster, worm 
– Caenorhabditis elegans. * indicates that studies provide evidence for the precise molecular mechanism. See bottom of table for 
abbreviations of lipids.

DL treatment (vs. control) EFFECT of TREATMENT SPECIES SOURCE

CELLULAR TRAITS and METABOLISM

DHA C22:6 (vs. cholesterol)
Modulates enterocyte miRNAi 107 expression (alteration of 
circadian rhythm), (S) Human Caco2 cell culture Daimiel-Ruiz et al., 2015

5-PAHSA (vs. 9-PAHSA)
Stimulates insulin secretion in the pancreas, facilitates glucose 
transport, anti-inflammatory (higher metabolic rate), (S) Mouse Yore et al., 2014*

DHA C22:6/EPA C20:5 (vs. other FAs 
incl. C14:0, C16:0)

Stimulated insulin secretion, facilitates glucose transport, anti-
inflammatory (higher metabolic rates), (S) Mouse Oh et al., 2013*

DHA C22:6 (vs. LA C18:2)
Reduces mitochondrial activity (reduced metabolic rate, reduced 
oxidative stress), (S) Mammalian cells Sullivan et al., 2018*

Lard (vs. fish oil)

Increases ROS production, insulin resistance, mitochondrial 
dysfunction, oxidative stress, and mitochondrial fission (increased 
lifespan or reproduction), (S) Mouse, rat

Chen et al., 2012; Lionetti 
et al., 2014; Yu et al., 2014

PA C16:0, POA C16:1 (vs. OA C18:1, LA 
C18:2) Reduces growth of dividing cells (slow development), (S) Mouse, cell lines Lien et al., 2021

DEFENCE, GROWTH, and DEVELOPMENT

Long-chained SFA (vs. SFA) Reduces growth hormone production (S) Mouse Levi et al., 2015*

Fish oil (vs. lard) Reduces enteric damage during infections (M) Mouse DeCoffe et al., 2016

Sitosterol, stigmasterol, campesterol 
(vs. cholesterol) Reduces body size and weight (S) Fly Lavrynenko et al., 2015*

Brassicasterol, cholestanol, zymosterol, 
desmosterol (vs. sitosterol, stigmasterol, 
campesterol, cholesterol)

Prevents larval or pupal development because they were no 
precursors for ecdysteroid hormones (S) Fly Lavrynenko et al., 2015

POA C16:1 (vs. OA C18:1, PA C16:0; AA 
C20:4; EPA C20:5; DHA C22:6)

Modulates IGF1 signalling that controls growth and proliferation 
of white adipose tissue (S) Mouse Meln et al., 2019

Plant PUFA (vs. yeast PUFA)
Increases developmental rates at 12°C, reduces rates at high 
temperatures (S, M) Fly Brankatschk et al., 2018

PHYSIOLOGY, BEHAVIOUR, and HEALTH

MUFA (vs. SFA) n-3 PUFA (vs. n-6 PUFA) Reduces obesity (S, M) Human Moussavi et al., 2008

EPA 20:5, DPA 22:5, DHA C22:6 (vs. 
ALA C18:3)

Increases levels of long-chain n-3 PUFA (C20-22) in the blood 
thereby delaying mortality (S) Human Harris et al., 2021

SFAs (vs. MUFAs)
Modulates dopaminergic signalling thereby increasing 
locomotory activity (S) Rat Hryhorczuk et al., 2016

AA C20:4 and DGLA C20:3 (vs. EPA 
C20:5)

Promotes resistance to starvation and extends lifespan by 
increased autophagy (S) Worm O’Rourke et al., 2013

Enriched ALA C18:3 (vs. enriched LA 
C18:2) Prevents hibernation (?) Marmot Marmota flaviventris Hill and Florant, 2000

PUFA (vs. SFA) Individuals select colder areas that reduce body temperature (?) Several species of lizard Simandle et al., 2001

REPRODUCTION, FERTILITY, and FITNESS

Stigmasterol (vs. cholesterol, 
campesterol, or sitosterol) Reduces male fertility (S)

Ladybird beetle Coccinella 
septempunctata Ugine et al., 2022b

Fish oil (vs. corn oil) Increases fertilising ability of sperm (M) Chicken Gallus domesticus Blesbois et al., 1997

Plant-based lipids (vs. yeast-based lipids)

Delays sperm production, decreases sperm viability, reduces 
sperm ROS production rate, no effect on sperm osmotic stress 
resistance (S, M) Fly Guo and Reinhardt, 2020

DGLA C20:3 (vs. OA 18:1) Causes sterility via germ-cell ferroptosis (S) Worm, human Perez et al., 2013

EPOA C20:5 (vs. ARA C20:4) No difference in clutch sizes (S) Daphnia magna and Daphnia 
pulex

Ilić et al., 2019

Table 1 continued on next page

https://doi.org/10.7554/eLife.79288
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DL-derived lipids act as ligands in metabolic signalling cascades and alter metabolic rates (Yang et al., 
2018). This fact may explain why somatic growth increases when DLs lower mass-specific resting meta-
bolic rates (Ruiz et al., 1988). Other metabolic differences may arise because DLs mediate membrane 
fluidity around Na+ pumps that directly affect ATP production (Hulbert and Abbott, 2011).

Finally, DLs can enter the lipidome of the mitochondrial membrane, altering mitochondrial struc-
ture and function. Thereby, DLs change metabolic rates in some mammals and birds (Geiser, 1990; 
Hulbert and Abbott, 2011; Twining et al., 2016; Vasam et al., 2019) but not in others (Fuller and 
Rendon, 1977; Table 1). The DL-mediated metabolic effects on growth are more pronounced in ecto-
thermic than endothermic vertebrates (e.g., Stickney and Andrews, 1972; Tidwell et al., 2007) but 
few studies consider whether these metabolic changes are adaptive, such as under different tempera-
tures, or caloric restriction.

Immunity, physiology, health, and behaviour
DLs cause immune defence differences at the cellular and physiological level (López-Fandiño, 2020; 
Twining et al., 2016; Weill et al., 2020; Table 1) but also at the ecological level of host recognition. 
Many parasitic and pathogenic viruses, bacteria, and eukaryotes require specific surface lipids of the 
host to recognise, enter, or reproduce on the host. DLs that are directly incorporated into endogenous 
lipids occur on the skin and may, therefore, mediate the host cues that parasites require (Eigenbrode 
and Espelie, 1995).

In addition to cold resistance, DLs cause wide-ranging physiological and health effects (Table 1; 
Hulbert et al., 2014; Ludwig et al., 2018; Twining et al., 2021). Replacing n-3 with n-6 PUFA benefi-
cially extends hibernation bouts and lowers body temperatures of hibernating mammals (Hulbert and 
Abbott, 2011; Table 1). DL effects on aging and lifespan are complex (Hulbert, 2005) but mamma-
lian and avian lifespans often appear insensitive to DLs (Hulbert and Abbott, 2011; Naudí et al., 
2013). Most aging data are correlative, compare non-isocaloric diets, or do not correct for different 
environments (e.g., in humans, Mediterranean food in southern Europa compared to Western-type 
food in central Europa). However, controlled lab experiments with female D. melanogaster revealed 
that limiting quantities of sterols (cholesterol) regulate the well-known effects of carbohydrates and 
protein on lifespan (Zanco et al., 2021), suggesting that lipids may often interact with other nutrients 
in their effects on lifespan. Finally, many DLs influence symbionts with downstream effects on health 
or performance (Clayton, 1964; Schoeler and Caesar, 2019).

Reproduction, fertility, and fitness
Different dietary sterols are incorporated into reproductive tissues with different speed and extent 
in D. melanogaster (Knittelfelder et al., 2020). In ladybird beetles, where males deprived of dietary 
sterols become completely infertile (Ugine et al., 2022b), individual dietary sterols rescue fertility 
with different efficacies (Table 1). In vertebrates, some sperm functional deficiencies based on dietary 
cholesterol can be rescued by other dietary sterols (Saez and Drevet, 2019), suggesting low sterol 
specificity. Female D. melanogaster fed with increased yeast sterols had larger ovaries than plant-
sterol-fed ones (Knittelfelder et al., 2020). No data seem to exist on the efficacy of sex hormones 
built from different sterol precursors.

For most cases the molecular mechanisms underlying the observed effects are unknown (Table 1). 
However, taken together, there is widespread evidence that specific DLs limit or mediate key body 
functions, health, and reproductive fitness (Table 1).

DL treatment (vs. control) EFFECT of TREATMENT SPECIES SOURCE

ALA C18:3 (vs. PA C16:0) Reduces reproductive rate, offspring size, and survival (S) Hydra, Hydra oligactis Kaliszewicz et al., 2018

OA C18:1 (vs. LA C18:2, VCA C18:1, 
DGLA C20:3, EPA C20:5) Rescues mating-induced reduction in female lifespan (?) Worm Choi et al., 2021

AA – arachidonic acid, ALA – α-Linolenic acid, DGLA – bihomo-γ-linolenic acid, DHA – docosahexaenoic acid, DPA – docosapentaenoic acid, EPA – eicosapentaenoic acid, LA – 
linoleic acid, OA – oleic acid, PA – palmitic acid, PAHSA – palmitic acid esters of hydroxystearic acid, POA – palmitoleic acid, VCA – cis-vaccenic acid.

Table 1 continued

https://doi.org/10.7554/eLife.79288
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Environment-dependent lipid effects on fitness and lipid 
choice
DL effects on fitness-related traits predict that natural selection favours mechanisms that (1) protect 
from energy metabolism use those lipids that have structurally important functions, and that (2) 
facilitate lipid-selective foraging. Moreover, because lipid function is environment-dependent (e.g., 
temperature), lipid choice is predicted to be also environment-dependent. This topic has received less 
scrutiny (Table 1) but is likely important: given that lipid properties in consumer membranes provide 
similar benefits to those in producer membranes, DL uptake with low alteration represents a flow of 
environmental information through food webs. Finally, some lipid effects may be particularly clear 
during periods of physical hardship, such as starvation, infection, reproduction, or hibernation. They 
may even drive life-history decisions as to whether or not to hibernate or to reproduce.

Retaining structurally important lipids
FA can be stored as triacylglycerides and used as fuel, sterols can be stored as sterol esters but the 
degree to which they can be used for energy production is not clear. Given that specific lipids can 
limit fitness (Table 1), it can be beneficial to shield them from being fed into energy metabolism, even 
during times of environmental hardship. Examples include hibernating mammals that retain in storage 
unsaturated 18:2 FA that help to withstand cold temperatures, but use 18:1 or 18:0 FA for metabolism 
instead (Geiser, 2021), or Tree Swallow chicks that during dietary restriction retain n-3 PUFA in the 
brain and muscle and avoid metabolic use (Twining et al., 2016). Organ-specific selectivity in sparing 
lipids has also been shown in fruit flies. When reared as larvae on either yeast or plant lipids, then 
swapped to the opposite lipid type as adults, larval lipids are retained in the brain. This represents 
highly specific retention because in the reproductive tract larval lipids are replaced by adult DL and 
because the replacement is stronger for plant than yeast lipids (Knittelfelder et al., 2020).

Lipid-selective foraging
Any foraging dedicated to obtaining specific DLs can ultimately evolve only via fitness effects. Natural 
selection acts primarily on reproductive success, and there are several examples of strong DL effects 
on reproduction. Elegant recent work on the seven-spot ladybird beetle, Coccinella septempunctata, 
showed that beetles forced to consume an all-prey diet produce few sperm and no offspring (Ugine 
et al., 2022a). Supplying the beetle with plant sterols or cholesterol rescues sperm count and fertility 
(Table 1). In the absence of plant sterols, beetles have a heightened preference for plant foods to obtain 
the sterols required for male reproduction – strong evidence for the idea that DL-related fitness effects 
drive adaptive foraging. This sterol-dependent appetite is widespread across ladybird species (Ugine 
et al., 2022b) but it remains to be seen whether fertility costs of sterol depletion drive it in all cases.

Male parasitic wasps Nasonia vitripennis whose diet is enriched with linoleic acid – their sex phero-
mone precursor – attract more females and produce more sperm than unsupplemented control males. 
These male fitness benefits likely favoured a specific kind of lipid choice by mothers: at oviposition, 
female Nasonia prefer to lay eggs in hosts that are enriched in linoleic acid (Blaul and Ruther, 2011).

Context-dependent foraging for specific lipids
Given that lipid function depends on environmental conditions, selection is predicted to act on 
environment-dependent lipid selectivity such that different lipids are preferred under different condi-
tions. For example, worker bees that advertise pollen sources to other bees do so more strongly for 
pollen sources that contain the PUFA type that is in short supply in the colony (Zarchin et al., 2017). A 
most impressive example shows that D. melanogaster survive freezing temperatures when plant-fed, 
and flies away after being defrosted from an ice cube (Brankatschk et al., 2018) (https://youtu.be/​
DVZPsmKEmGk), but under the same temperature die when yeast-fed, likely because they lack PUFA 
and plant sterols (Carvalho et al., 2010). Choice experiments and sterol analyses show that D. melan-
ogaster indeed switch food preferences at low temperature from yeast to plant in both the laboratory 
(Brankatschk et al., 2018) and in the wild (Knittelfelder et al., 2020). Thus, strong survival differ-
ences based on DLs are coupled with adaptive food choice. Other animals, such as crayfish, salmon, 
rodents, or bear, show changes in their diet-mediated lipid profile before the cold season (Geiser, 

https://doi.org/10.7554/eLife.79288
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2021; Pruitt, 1988; Twining et al., 2021; Vranković et al., 2017), pointing to a possibly analogous 
and widespread cold-related lipid-selective foraging.

Environment-dependent lipid specificity is not restricted to arthropods that lack the ability to synthesise 
sterols and PUFA. Many vertebrates cannot synthesise n-3 or n-6 PUFA but benefit from them. Mammals 
entering hibernation experience fewer wake-up episodes and have substantially extended hibernation 
periods if they had consumed, and stored, larger amounts of PUFA in their fat depots. The energy saved 
due to fewer wake-ups likely increases fitness (reviewed in Geiser, 2021). Yet, few studies test whether 
increased tissue PUFAs arise from specific foraging for PUFA-rich food or are simply a by-product a 
general increase in lipid intake during the process of winter fattening. The clearest example comes from 
the Djungarian hamster Phodopus sungorus: Pre-hibernating individuals preferred a diet rich in unsatu-
rated FAs at low, but SFAs at high temperatures (Hiebert et al., 2003).

Finally, aquatic insects generally contain more unsaturated FAs than terrestrial insects (Twining et al., 
2021). Consequently, aquatic insects are preferred by two bat species before their summer torpor (Schalk 
and Brigham, 1995) and by insectivorous birds whose chicks growth had been shown to improve on the 
diet rich in unsaturated FAs (Twining et al., 2019a; Twining et al., 2019b). Interestingly, the improved 
body mass, immunocompetence, and basal metabolic rate on a high-level n-3 PUFA diet is not simply an 
effect n-3 PUFA quantity (Twining et al., 2016). In the field, peak abundance of aquatic, but not terres-
trial, insects is the best predictor of fledging success (Twining et al., 2016).

What is less clear are the mechanisms of lipid sensing, retention, or selectivity. Reception of specific 
lipids has been identified to act before ingestion in invertebrates (Ahn et al., 2017; Bernays et al., 
1976; Buehlmann et  al., 2012; Tsuneto et  al., 2020) and vertebrates (Besnard et  al., 2016; Liu 
et al., 2017; Yasumatsu et al., 2019) but post-ingestion perception has also been shown (Behmer 
et al., 1999). Interestingly post ingestion, both the regulation of feeding (Behmer et al., 1999) but 
also the more fitness-related development itself (Behmer and Elias, 2000) was determined by the 
amount of unsuitable phytosterols, not suitable ones.

Together, and regardless of the precise mechanism, this evidence suggests that fitness-related 
benefits of specific DLs correspond to selectivity for these DLs. Provided at least some genetic basis 
for the lipid preference, and variation between individuals, natural selection for lipid selectivity is 
unavoidable. Our prediction is that many species of the examples presented in Table 1 will turn out 
to show lipid selectivity.

Ideas and speculation I: Ecological and evolutionary 
consequences of DL selectivity
Environment-dependent lipid selectivity has substantial ecological consequences that range from 
the alteration of food webs (Figure  2), the evolution of species differences along the specialism-
generalism continuum (Figure 2) to sex-specific evolution. It also offers a new perspective on the 
explanation of species diversity as detailed below.

Lipid specificity can alter food webs
Carbohydrates, proteins, and even micronutrients can be obtained from most diets (provided sufficient 
quantities are eaten), specific lipids only from specific sources. The Ecological Lipidology approach as 
well as existing nutritional frameworks (Raubenheimer et al., 2009) therefore predict that (1) lipids 
play a particularly important role in driving alternative foraging strategies (Figure 2) (alongside other 
nutrients; Simpson and Raubenheimer, 2012), and (2) consumers that turn to alternative food sources 
mainly do so when ecological changes lead to their preferred DL being in short supply (Figure 2). 
These alternative strategies substantially alter food webs (Figure 2): Predators turn omnivores (Ugine 
et al., 2022b), and herbivores turn facultative necrophages, cannibals, or coprophages, or engage in 
predation or blood sucking. Hundreds of anecdotal observations and photographs of such unusual 
food switches exist. That these may, in fact, not be anecdotal but driven by the desire for specific DLs 
in at least some cases (Figure 2), represents a potent, testable hypothesis. Where in the food web 
these cases are most likely to be expected is currently not clear. The important role of plant-based 
DLs suggests that lipid selectivity may be pronounced in herbivores (Bernays et al., 1976). However, 
the general lipid paucity on the top of food webs (Wilder et al., 2013; Figure 2) may extend to 
specific lipids, in which case ‘unusual’ food switches may occur there more commonly. This will be 

https://doi.org/10.7554/eLife.79288
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challenging to detect because top predators in food webs are often generalist and defining a food 
switch ‘unusual’ is more difficult. In this case, the question arises to what degree the lipid profiles of 
prey, and not just mere prey availability, drive generalism in the first place.

In freshwater systems, some herbivore consumers have no access to PUFA via algae. However, the 
free-living stage of specific fungi (Chytridiomycota) parasitise these algae and incorporate algal PUFA, 
a process known as mycoloop (Kagami et al., 2014). A change in food web structure occurs when 

Figure 2. Specific lipid requirements may alter lipid flux through food webs. Producer dietary lipids (DLs) (e.g., plant lipids A to C, left panel, lower 
section) are the source that consumers use in tailoring their lipid profiles to meet lipid-mediated body functions (black solid lines and icons) other than 
mere energy provision. For instance, a herbivorous invertebrate acquires three types of DL from plants (Lipids A to C) and produces one itself (Lipid 
D, middle panel, lower section). The lipid identity may change if, as in some herbivorous insects, dietary plant sterols are converted to cholesterol 
(reviewed in Behmer and Nes, 2003; Jing and Behmer, 2020). A consumer that feeds on the herbivore and/or the plant acquires three lipids (A, B, 
and D) but is either unable to take up lipid C, or lipid C is available in insufficient concentration (right panel, lower section). Quantitative DL availability 
changes throughout food webs; in this example, the concentration of all lipids (x-axis, lower section) decreases up the food chain. Qualitative DL 
availability also changes because Lipids C, D, and E are only found in some species. Variation in quantitative and qualitative DL demand is driven 
by ecological changes – any resulting deficiencies must be countered by alternative sources of DLs (red arrows and icons). In this example, the low 
concentration of lipid A in the consumer suffices to enable its role in signalling and no additional uptake is needed (Lavrynenko et al., 2015). Lipid D 
is a hormone precursor in the consumer but requires structural change to function as a hormone. Under changing environment, such as temperatures, 
Lipid E, substitutes for the lack of Lipid C due to absorption problems, is needed by the consumer to enable thermal resistance (qualitative limitation). 
If the quantity of Lipid B is insufficient in the herbivore under an ecological change, an alternative source for Lipid B must be found (quantitative 
limitation). In nature, many example of such changes in food webs exist, such as scavenging on animal corpses or feeding on pollen by otherwise 
herbivorous insects (see photographs top section). Ecological Lipidology predicts that acquiring the same lipid from different sources (Lipid B from 
mouse carcass) or different but functionally similar lipids (Lipid E replacing Lipid C in the chicken) will mainly occur when the environment changes.

https://doi.org/10.7554/eLife.79288
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herbivores now forage selectively for these fungal spores in order to obtain PUFA (Kagami et al., 
2014) and so have effectively turned omnivorous. We suspect that more examples of lipid selectivity 
exist that drive deviations from the classical herbivore-omnivore-predator classification.

Does lipid specificity promote range expansion?
Lipid specificity is related to the composition of ecological communities, and thereby to ecosystem 
function, in two ways. First, as species expand their range, or niche, they enter new communities and 
encounter DLs new to them. If these DLs have negative organismal or fitness effects (e.g., Table 1) 
or are not included in their selective filters, expanding species are less likely to become established 
in ecological communities, making lipid selectivity an important pre-requisite for invasion success. 
For example, humans likely evolved in a dietary environment of a roughly 1:1 ratio of n-3:n-6 PUFAs 
(Simopoulos, 2011). Current Western diets provide ratios of >10:1, which are reasoned to contribute 
to the obesity (Simopoulos, 2006). In entirely natural situations, obesity-related infertility and 
other disadvantages would cause selection for discrimination against dietary n-6 PUFAs. Obviously, 
this study is impossible to do; informative examples testing evolutionary consequences of dietary 
mismatches may come from experimental evolution studies or from studying the response to entirely 
novel fats, such as artificial trans fats, to which humans also respond suboptimally. A novel food niche 
is also generated by one of humankind’s breakthroughs, the mastering of fire. Our habit of cooking 
food inevitably exposes us to an array of DLs that our physiology has not previously been exposed to 
Nawar, 1984. Research in this area may link Ecological Lipidology to human nutrition research.

Second, lipid selectivity may drive the initial range expansions via the differential effects of DLs on 
thermal sensitivity. For example, if Drosophila suzukii could select lipids by foraging in a similar way 
to D. melanogaster (Knittelfelder et al., 2020) and other animals, the spread from tropical regions 
into temperate Europe might be augmented by an increased uptake of plant lipids. Similar arguments 
apply to the above-mentioned examples of hibernating mammals. These may inhabit northern regions 
only because they are able to select lipids that facilitate hibernation and cold resistance.

Sex differences in lipid specificity
Males and females of consumers differ in lipid body content and lipid use (Gilbert and Schneiderman, 
1961; Scheitz et al., 2013). In many species, females have more storage lipids, higher metabolic lipid 
turnover, and higher recruitment from storage (Scheitz et al., 2013). In Daphnia, both sexes show 
similar growth rates with increased dietary cholesterol or PUFA (C20:5, EPA) supply but adding EPA 
plus cholesterol generates stronger somatic growth in females than males (Martin-Creuzburg et al., 
2018). Lipid profiles also differ between the sexes. D. melanogaster males have more unsaturated 
FA and a higher phosphatidylcholine/phosphatidyl-ethanolamine ratio (Scheitz et al., 2013). Sexual 
differences in a process as conserved as lipid use are interesting because they suggest differences 
in the genetics of lipid processing (Scheitz et al., 2013). Evolutionary change can be very rapid if 
the trait optima do not coincide for both sexes (intersexual intragenomic conflict). For example, the 
large demand of sterols for egg development predicts that traits evolve in females that facilitate 
foraging for, or more efficient use of, different sterols but less in males (unless sterols affect fertility; 
Ugine et al., 2022b). Consistent with this idea, D. melanogaster females, whose DLs were switched 
from yeast to plant, incorporate large amounts of yeast-derived ergosterol into their reproductive 
tract whereas males do not (Knittelfelder et  al., 2020). Sex differences in lipid processing have 
obvious important implications not only for human nutrition research, but also for evolutionary biology 
because diversifying selection is often assigned to males whereas in lipid processing females seem to 
diversify (Scheitz et al., 2013).

Macroevolution – sterol auxotrophy as an evolutionary innovation 
driving diversification?
The last common eukaryotic ancestor was likely able to synthesise sterols (Desmond and Gribaldo, 
2009) and most extant Eukaryota and some Prokaryota have retained sterol synthesis (Desmond and 
Gribaldo, 2009). However, insects and nematodes have become sterol auxotrophs. Sterol auxot-
rophy may, therefore, be related to a most pertinent question in biology – why are insects (Mayhew, 
2018) and possibly nematodes (Smythe et al., 2019) mega-diverse? Species diversity is driven by 
evolutionary innovations that reduce extinction more than by those that increase speciation; it 

https://doi.org/10.7554/eLife.79288
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increases during niche expansions, including the utilisation of novel resources (Mayhew, 2018). We 
propose sterol auxotrophy as a novel key innovation that increased niche expansion and reduced 
extinction. The growth and fitness benefits of switching off the sterol-producing machinery are very 
large: biotechnological yeast production (i.e., offspring number, or fitness) increases manifold even 
when only parts of sterol production pathways are switched off (e.g., Johnston et al., 2020). If 
using dietary sterols allowed abandoning the sterol production in nature and resources for defence 
and reproduction were freed, extinction risks may have been generally reduced but especially so 
in changing temperatures. The large costs of sterol production make it also unlikely that multiple 
sterol production pathways have evolved that equipped membranes with different sterols to resist 
different temperatures. Sterol auxotrophy likely was the much cheaper option whereby sterols 
were taken up in response to temperature (Brankatschk et al., 2018; Knittelfelder et al., 2020). 
Sterol independence would, in turn, have allowed insects and nematodes to colonise low-oxygen 
but sterol-rich environments, such as soil and rotting organic material. Sterol auxotrophy will, of 
course, not be the only process associated with species diversity and our hypothesis requires 
further refinements. For example, while arthropods and nematodes form the clade Ecdysozoa, 
sterol auxotrophy may have evolved independently in both groups. This idea would be consistent 
with the retention of the full set of cholesterol-producing genes (Zhang et al., 2019) in species-
poor related sister clades, such as the tardigrades or, depending on the phylogenetic hypothesis 
(Dunn et al., 2014), the Scalidophora. On the other hand, there are some non-ecdysozoan taxa 
that have lost cholesterol-producing genes (Zhang et al., 2019) but their ability to produce other 
sterols is unknown.

Ideas and speculation II: A biomedical relevance for 
Ecological Lipidology?
Much of current lipid cell biology research is based on few cell lines derived from the muscle tissue of 
only a few individuals (Pradas et al., 2018), and most experiments are carried out at 37°C, the core 
body temperature of most mammals. Given that lipid profiles can influence thermal responses, lipid 
research might benefit from examining the lipid profile of tissues that are not at 37°C. For example, 
the legs of birds (Steen and Steen, 2018) or toes and digits of humans are up to 10°C cooler than the 
body core temperature for long periods of time. Differences in the lipid profile between these tissues 
and those at core temperature are currently unknown. The sperm of birds and mammals largely and 
consistently also differ in FA composition (Surai et al., 2007) and temperature. In the external scrotum 
of mammals, sperm are up to 8° degrees below body temperature (~30°C) whereas in birds sperm are 
at body temperature (~40°C). Reproductive biology and medicine may benefit from such insights as 
well as organ preservation strategies in transplantations. This ecological view of the lipidome may also 
contribute to the unresolved question why each cell type possesses its own lipid profile and integrates 
DLs at different rates.

Research in neurobiology and behaviour will also benefit from an ecological view on lipids. DLs 
affect the neuronal lipid profile in insects (Carvalho et al., 2012), and are essential for the normal 
development and function of the central nervous system in vertebrates (Cole et al., 2010; González 
et al., 2010). New evidence shows that the saturation of FAs determines neuronal function in D. 
melanogaster: Experimentally decreasing the saturation of FA in the neurons leads to what is 
observed after consuming plant lipids: individuals predictably choose lower temperatures (Suito 
et  al., 2020). As alterations of the brain lipidome are hallmarks of neurodegenerative diseases 
and neuronal aging (Huynh et al., 2020), DL interventions may have a yet undisclosed therapeutic 
potential.

Many pathways of lipid processing are molecularly or functionally conserved across the animal 
kingdom, such as the lipoprotein system, LDL receptors, desaturases, or lipases. Therefore, Drosophila 
(sterol and PUFA auxotroph) and Caenorhabditis elegans (sterol auxotroph) represent potent models 
to assess health impacts, metabolic malfunction, and other organismal consequences of lipid function 
in cell membranes. In reverse, biomedical research on the genetic causes of diseases that affect lipid 
metabolism may help to explain selection pressures that shape intraspecific genetic variation for lipid 
processing enzymes in the wild (Twining et al., 2021) or even lipid selectivity.

https://doi.org/10.7554/eLife.79288
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Conclusion
High-throughput, high-precision mass spectrometry of lipids coupled with functional analyses has 
revealed that origin and quantity of lipids available to organisms have profound impacts on cellular 
functions. These functions – energy provision, signalling, and membrane structure (Figure  1) – 
when scaling up to cause health, survival, and fitness differences between organisms (Table  1) 
translate into food web changes (Figure  2) and range expansions in ecosystems and drive the 
evolution of foraging selectivity for specific lipids. Ecological Lipidology affects our view on sex 
differences and lifestyle impacts on human nutrition, on how organisms respond to environmental 
change and provides a hypothesis to explain species diversification. Biomedical research should 
harness the predictive power of Ecological Lipidology to develop DL-based therapies for a range 
of diseases.
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