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Abstract

The lipid composition of cell membranes exerts a crucial influence on cell

physiology. Indeed, one double bond triggers membrane fluidity, essential

for cell functionality, but additional double bonds increase the susceptibility

to peroxidation, which produces reactive compounds that impair the viabil-

ity of cells. It has therefore been suggested, but never tested in an extensive

comparative context, that the composition of membrane fatty acids has been

optimized during evolution. A similar prediction has been made for fatty

acid chain length, on which susceptibility to peroxidation also depends. Here

I tested for stabilizing selection on fatty acid composition by evaluating the

fitting of the single stationary peak (SSP) model of evolution to a large data

set from 107 species of birds, against alternative evolutionary models. I

found that across-species variation in average chain length and in the pro-

portion of monounsaturated fatty acids (MUFAs), but not in the proportion

of polyunsaturated (PUFAs) nor saturated (SFAs) fatty acids, was better

explained by SSP models than by other models. Results show optimum val-

ues of fatty acid chain length and proportion of MUFAs of 18 C atoms and

25.5% mol, respectively, the strength of stabilizing selection being particu-

larly high in chain length. This is the first evidence of evolutionary opti-

mization in fatty acid composition, suggesting that certain values may have

been selected because of their adaptive capacity to minimize susceptibility to

lipid peroxidation.

Introduction

Cell membranes are essential biological components,

isolating the cytosol and mediating all interactions of

cells with their environment. They are composed of a

lipid bilayer that functions as a solvent for membrane

proteins (Singer & Nicolson, 1972). The functionality of

membrane bilayers is largely dependent on the geome-

try of their constituent fatty acids, particularly the

phospholipids. This is in turn dependent on the length

of the fatty acid aliphatic chains and their degree of

unsaturation, which determine the compatibility

between the size of polar and hydrophobic parts of the

molecules. This influence on molecular shape in turn

affects the susceptibility of membranes to lipid peroxi-

dation, thus meaning that fatty acid length and unsatu-

ration determine cell viability (McMahon & Gallop,

2005; Mouritsen, 2005; Hulbert et al., 2014).

Given this essential biological function, it is expected

that selection favours the evolution of membrane fatty

acids with a few length values that minimize the sus-

ceptibility to lipid peroxidation, acting against the

evolution of fatty acids with other length values.

Accordingly, it has been hypothesized that fatty acid

chain length in vertebrates is strictly maintained

around 18 C atoms, although this has only been deter-

mined in a reduced number of species (Pamplona,

2008). Susceptibility to lipid peroxidation is also higher

in polyunsaturated fatty acids (PUFAs) than in

monounsaturated (MUFAs) and saturated fatty acids

(SFAs), due to the presence of methylene groups

between double bonds (Hulbert et al., 2007; Pamplona,
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2008). A certain degree of unsaturation is, however,

adaptive, as one double bond triggers the fluidity of

membranes (Brand et al., 1994), which is essential for

cell physiology (Shinitzky, 1984), whereas a greater

number of double bonds only increases susceptibility to

lipid peroxidation (Pamplona, 2008). It should therefore

be expected that selection has favoured MUFAs against

PUFAs and SFAs. In fact, the homeoviscous longevity

adaptation hypothesis predicts a negative association

between the degree of membrane fatty acid unsatura-

tion and the longevity of organisms, which has received

support in a comparative study of birds showing that

longer lifespans correspond to species with longer fatty

acids and higher proportions of MUFAs (traits that tend

to be positively correlated; Galv�an et al., 2015). An

association between fatty acid unsaturation and longev-

ity has also recently been reported in mammals (Bozek

et al., 2017). Consequently, it has been suggested that

cell membrane has been an optimized feature during

evolution (Pamplona, 2008; Naud�ı et al., 2013), but this
has never been tested.

If a selection has favoured the optimization of mem-

brane fatty acid characteristics, there should be evi-

dence of stabilizing selection around certain values of

these characteristics. Here I test this hypothesis for fatty

acid chain length and unsaturation, evaluating how dif-

ferent evolutionary models fit to data from many

species. Specifically, if chain length and degree of

unsaturation have been optimized during evolution,

comparison of these traits among species should follow

an Ornstein-Uhlenbeck (OU) process, in which changes

occur under a random walk [i.e. Brownian motion

(BM), in which the mean value of a trait tends to 0

and its variance is proportional to the time passed since

divergence from a common ancestor] and tend to be in

the direction of a particular (optimum) trait value

(Martins & Hansen, 1997). I thus test this model of

evolution against other models, using the data set of

the most comprehensive comparative study on fatty

acid characteristics so far, comprising 107 species of

birds in which fatty acid chain length ranged from 17

to 19 C atoms (Galv�an et al., 2015).

Materials and methods

Fatty acid composition

As described in Galv�an et al. (2015), fatty acyl groups

from bird livers were analysed as methyl esters deriva-

tives by gas chromatography (GC), expressing results as

mol %. From these results, the average chain length

(ACL) was calculated {[(% Total 14 9 14) + (% Total

16 9 16) + (% Total 18 9 18) + (% Total

20 9 20) + (% Total 22 9 22) + (% Total 24 9 24)]/

100}, as well as the proportion of MUFAs. I therefore

tested the OU process in these two traits, but also in

the proportion of PUFAs and SFAs which, in contrast to

ACL and MUFAs, are not expected to have been opti-

mized during evolution. As the selective effect on ACL

and MUFAs is expected to occur due to their influence

on the susceptibility to lipid peroxidation (see Introduc-

tion), I additionally tested OU process in the peroxidiz-

ability index (PI), calculated as follows: (0.025 9 mol

% monoenoic) + (1 9 mol % dienoic) + (2 9 mol %

trienoic) + (4 9 mol % tetraenoic) + (6 9 mol %

pentaenoic) + (8 9 mol % hexaenoic). Although this

information refers to total liver lipids, a large proportion

of these must necessarily be membrane lipids (Galv�an
et al., 2015).

Evolutionary models

I first obtained 1000 probable phylogenies for the 107

species of birds, with branch lengths expressed as pro-

portions of nucleotide substitutions, using the phy-

logeny subsets tool in www.birdtree.org (Jetz et al.,

2012). I then obtained the least-squares consensus phy-

logenetic tree from the mean patristic distance matrix

of the set of 1000 phylogenies using the R package

phytools (Revell, 2012).

I tested how the OU process fitted the data on fatty

acid traits. OU models are characterized by three

parameters: the optimum trait value (h), the strength

with which trait changes are attracted to the optimum

value (a) and the rate of trait change (r2) (Martins &

Hansen, 1997). I obtained these parameters by mod-

elling data on fatty acid traits using linear regressions

that incorporate the OU model in the residual error

with the linear-time algorithm developed by Ho & An�e
(2014a) as implemented in the phylolm R package.

There may be shifts in the optimum value of traits dur-

ing evolution, but the detection of shifts in selection

regimes along a phylogeny may be problematic in the

absence of fossil data as more complex models (i.e. with

higher numbers of shifts) are erroneously selected

against simpler models (Ho & An�e, 2014b). I therefore

tested an OU process with a single optimum and no

shifts, thus considering a single stationary peak (SSP)

model of evolution. Model testing was made by specify-

ing linear models only composed by a response variable

(i.e. fatty acid traits) without considering any predic-

tors.

To test the fitting of SSP models to fatty acid data, I

compared these with other alternative models of evolu-

tion and with the models with no phylogenetic struc-

ture in the residual error, the latter using conventional

general linear models (GLM). The alternative evolu-

tionary models considered a conventional BM model

(i.e. random variation of Brownian motion) and some

modifications: Three derived models that consider

branch length transformations established by the

parameters delta (d), kappa (k) and lambda (k) (Pagel,

1997, 1999), a derived model of BM with a directional

trend in trait evolution and a derived model of BM
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with a time-dependent dispersion parameter [i.e. early

burst (EB) or acceleration-deceleration (ACDC) model]

(Blomberg et al., 2003). The analysis of these models

was made with phylolm, as with SSP models. I com-

pared the fitting of the different models to data using

the Akaike information criterion corrected for sample

size (AICc), considering that models with ΔAICc ≤ 2

were equally probable (Harmon et al., 2010).

Lastly, I quantified the amount of variation in the

fatty acid traits that is due to common ancestry among

bird species by estimating the phylogenetic signal. For

this, I used the K statistic developed by Blomberg et al.

(2003), a scaled ratio of the mean squared error of the

phylogenetically correct mean of the tip data over

the mean squared error of the data calculated using the

variance–covariance matrix of the phylogenetic tree.

This statistic reflects how data on traits distributed

across a phylogeny fit a BM model, with K = 1 repre-

senting a perfect fit and K < 1 representing situations in

which closely related species resemble each other less

than expected by a BM model, hence reflecting a loss

of phylogenetic signal in a given trait (Blomberg et al.,

2003). Thus, the K statistic also evaluates how the BM

model fits to data. I calculated K values and P values

for H0: K = 0 using phytools.

Results and discussion

As predicted, the best fitting model for the average

chain length of fatty acids was the SSP model of evolu-

tion (Table 1), and accordingly, the phylogenetic signal

of this trait did not differ from zero considering a BM

model of evolution (K = 0.16, P = 0.462). The optimum

value of chain length, given by the best estimate of h

from the SSP model, was 17.95 C atoms (Fig. 1). This

coincides with the value of 18 C atoms that has been

suggested, but never tested in an extensive comparative

context, to be strictly maintained in vertebrates

(Pamplona, 2008).

The best estimate of a from the same model for chain

length was 1.23. By determining the strength of the

pull towards the optimum, a can be interpreted as a

measure of the strength of stabilizing selection (Hansen,

1997). In this regard, the strength of stabilizing selec-

tion maintaining fatty acid length around 18 C atoms is

considerably higher than that maintaining the propor-

tion of MUFAs around an optimum value (h) of 25.5%

mol (a = 0.07), as the SSP model was also the best fit-

ting model for the proportion of MUFAs (Fig. 1), in

equal probability than the BM model with k transfor-

mation (Table 1). In accordance with this weaker stabi-

lizing strength in MUFAs as compared to chain length,

and with the equal fitting of a BM model in the former,

the phylogenetic signal considering a BM model in the

proportion of MUFAs was significantly different from

zero, but very low (K = 0.25, P = 0.010).

The model with no phylogenetic structure fitted to

data on chain length equally well than the SSP model

(Table 1), but this indeed means that it can be consid-

ered that fatty acid chain length experiences stabilizing

selection. Similarly, it can be considered that the pro-

portion of MUFAs experiences stabilizing selection,

because the SSP model fitted to data on this variable

equally well than the BM model with k transformation

and the model with no phylogenetic structure

(Table 1). Modelling the OU process considering several

shifts in the optimum trait value may be problematic

(Ho & An�e, 2014b), but I fitted an OU model with a

maximum number of shifts of three to data on average

chain length and proportion of MUFA to simply

confirm the adequacy of this model to explain trait

variation across species. Using the ‘OUshifts’ function in

phylolm, ΔAICc for an OU model with a maximum of

three shifts for average chain length was 41.9 when

compared to the model with no phylogenetic structure.

ΔAICc for a similar OU model fitted to the proportion

of MUFAs was 24.7 when compared to the BM model

with k transformation. These results must be taken with

caution due to the reasons mentioned above, but the

high values of ΔAICc when compared to the models

that were as probable as the SSP model (Table 1) sup-

port the adequacy of stabilizing selection models to

explain variation in fatty acid chain length and MUFA

proportion across species.

The SSP model was also the best fitting model for the

variation in the peroxidizability index, together with

the BM model with k transformation and the model

with no phylogenetic structure (Table 1). A phyloge-

netic signal under a BM model not statistically different

from zero (K = 0.19, P = 0.188), and a ΔAICc of 20.8

when an OU model with a maximum of three shifts

Table 1 Comparisons of different evolutionary models and the

model with no phylogenetic structure (NP) fitted to data on fatty

acid traits [average chain length (ACL), proportions of

monounsaturated (MUFA), polyunsaturated (PUFA) and saturated

(SFA) fatty acids, and peroxidizability index (PI)] in 107 species of

birds.

ACL MUFA SFA PUFA PI

NP – BM-k – NP – NP – NP –

SSP 1.8 SSP 1.4 SSP 3.2 SSP 2.1 BM-k 0.6

BM-k 5.3 NP 7.4 BM-k 17.5 BM-k 3.4 SSP 1.9

BM-k 26.4 BM-k 18.0 BM-k 20.1 BM-k 9.2 BM-k 34.6

BM-d 68.6 BM-d 22.3 BM-d 73.1 BM-d 35.8 BM-d 42.9

BM 95.4 BM 45.1 BM 84.5 BM 51.7 BM 68.5

BM-T 97.4 BM-T 47.1 BM-T 86.9 BM-T 53.8 BM-T 70.6

EB 97.5 EB 47.2 EB 87.1 EB 53.8 EB 70.6

ΔAICc values of each model as compared to the model with lowest

AICc (first row) are shown, with equally probable models

(ΔAICc ≤ 2) highlighted in bold. Evolutionary models refer to

Brownian motion (BM), Brownian motion with delta (BM-d),
kappa (BM-k) and lambda (BM-k) transformations and with a

trend (BM-T), early burst (EB) and single stationary peak (SSP).
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was compared with the model with no phylogenetic

structure, again supports the adequacy of stabilizing

selection to explain variation in the susceptibility to

lipid peroxidation. This was the prediction in the case

that average chain length and proportion of MUFAs fol-

lowed an SSP model, as stabilizing selection on these

variables is expected to operate by selecting against trait

values that promote lipid peroxidation. Stabilizing

selection on the peroxidizability index is therefore

likely to be the consequence of selection on fatty acid

chain length and the proportion of MUFAs. In contrast,

the only probable model for the proportion of PUFAs

and SFAs was the model with no phylogenetic struc-

ture (Table 1), suggesting that stabilizing selection only

operates on fatty acid chain length and on the propor-

tion of MUFAs but not on other fatty acid characteris-

tics. The OU process, used here to incorporate SSP

models in the analyses, is more complex than conven-

tional models based on BM (O’Meara & Beaulieu,

2014), arguing against the possibility that the fitting of

SSP models to data shown here is a random artefact,

because simpler models always tend to be preferred in

multimodel selection procedures (Burnham &

Anderson, 2002).

The damaging effects of lipid peroxidation are medi-

ated by the formation of carbonyl species that react

with nucleophilic groups of a range of macromolecules

to produce cytotoxic advanced lipoxidation end prod-

ucts that impair cellular function (Pamplona, 2008).

This study provides the first evidence that these crucial

effects on cell physiology have led to cell membrane to

be optimized during evolution (Pamplona, 2008; Naud�ı
et al., 2013). Using information from 107 species of

birds, results suggest that selection has promoted the

evolution of membrane fatty acids with 18 C atoms and

with a proportion of monounsaturate fatty acids of

25%, probably because these are the values that mini-

mize the susceptibility to lipid peroxidation (Wallis

et al., 2002; Pamplona, 2008). An association between

fatty acid unsaturation and lifespan has also been

reported in a recent study on mammals (Bozek et al.,

2017), suggesting that an evolutionary optimization of

fatty acid characteristics is probably valid for animals, at

least vertebrates, other than birds.

The strength of stabilizing selection was higher on

chain length than on the proportion of MUFAs, and

this agrees with the preponderate role of chain length

in explaining variation in longevity among the 107 spe-

cies of birds included in this study, for which chain

length was the best predictor (Galv�an et al., 2015).

Consequently, a strong stabilizing selection seems to

operate on the chain length of fatty acids, suggesting
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2.325 42.253trait value

Chain length (no. carbon atoms) Proportion of MUFA (mol %)

17.06 18.86 2.32 42.25

Fig. 1 Representation of average fatty acid chain length (left) and proportion of monounsaturated fatty acids (right) on the consensus

phylogenetic tree for 107 species of birds. The phylogenetic tree is ultrametricized, and branch lengths are transformed according to an SSP

model of evolution with the best estimates of a for both variables (chain length: 1.23, proportion of MUFAs: 0.07). The reconstruction of

ancestral values was made with phytools (Revell, 2012), estimating values at internal nodes by maximum likelihood (ML) and interpolating

values along the edges following Felsenstein (1985). The arrows indicate the colours corresponding to the optimum values (h) for chain
length (17.95 C atoms) and proportion of MUFAs (25.5% mol).
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that values other than 18 C atoms may be unadaptive

(i.e. suboptimal). Future studies should investigate the

possibility that the evolutionary maintenance of these

suboptimal fatty acids may be possible by the antioxi-

dant activity of peroxisomes (Delmaghani et al., 2015),

organelles involved in fatty acid catabolism that contain

antioxidant enzymes, which may thus promote the

existence of interspecific variability in stabilizing selec-

tion strengths. Although models of the OU process are

phenomenological models of optimum movement and

interpreting h as an adaptive optimum may not always

be correct (O’Meara & Beaulieu, 2014), in this case the

coincidence of h with the previous predictions that

were made for fatty acid chain length lends support to

interpreting 18 C atoms as a value that may have been

selected due to its adaptiveness.
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