
1Scientific Reports |         (2020) 10:5576  | https://doi.org/10.1038/s41598-020-62476-z

www.nature.com/scientificreports

Characterisation of the dynamic 
nature of lipids throughout the 
lifespan of genetically identical 
female and male Daphnia magna
Julia K. Constantinou1*, Andrew D. Southam1,2, Jouni Kvist   3, Martin R. Jones1,4, 
Mark R. Viant1,2 & Leda Mirbahai5*

Lipids play a significant role in regulation of health and disease. To enhance our understanding of the 
role of lipids in regulation of lifespan and healthspan additional studies are required. Here, UHPLC-MS/
MS lipidomics was used to measure dynamic changes in lipid composition as a function of age and 
gender in genetically identical male and female Daphnia magna with different average lifespans. 
We demonstrate statistically significant age-related changes in triglycerides (TG), diglycerides (DG), 
phosphatidylcholine, phosphatidylethanolamine, ceramide and sphingomyelin lipid groups, for 
example, in males, 17.04% of TG lipid species decline with age whilst 37.86% increase in relative 
intensity with age. In females, 23.16% decrease and 25.31% increase in relative intensity with age. Most 
interestingly, the rate and direction of change can differ between genetically identical female and male 
Daphnia magna, which could be the cause and/or the consequence of the different average lifespans 
between the two genetically identical genders. This study provides a benchmark dataset to understand 
how lipids alter as a function of age in genetically identical female and male species with different 
average lifespan and ageing rate.

Lipids are essential for normal cellular functions including intracellular and extracellular signalling pathways, 
providing membrane fluidity and facilitating energy storage1,2. The importance of lipid molecules in cellular pro-
cesses is reflected in the vast diversity of their structures and functions and thus they are involved in many home-
ostatic processes but also play a role in disease and long-term health2.

Model organisms have been crucial in enhancing our understanding of the role of different lipid classes in 
regulation of ageing rate, lifespan and prevention or acceleration of age-related diseases3. The first association 
between lipid composition and ageing rate was demonstrated in Caenorhabditis elegans4, Drosophila melano-
gaster5, laboratory Mus musculus6 and the budding yeast Saccharomyces cerevisiae. In Saccharomyces cerevisiae7, 
mutations in insulin growth factor-2 pathway and the mechanistic target of rapamycin complex 1 (mTORC1) 
signalling pathway increased lipid storage and the elevated lipid storage is associated with increased lifespan and 
reduced reproduction3. Therefore, there is a trade-off relationship between longevity, reproductive capacity and 
lipid storage. During reproduction, lipid reserves are used and depleted, while during low-reproductive periods 
lipid is accumulated, a phenomenon known as the cost of reproduction. Notably, animals with reduced reproduc-
tion often survive better, as energy from lipid reserves are invested into somatic maintenance and survival rather 
than reproduction8. In addition, in multiple species, including worms, flies, mice, rats, primates and spider mites, 
dietary restriction and change in concentration of lipid molecules (either as recorded blood levels or controlled 
dietary input), such as oleic acid can impact longevity 3,9–14. Using the yeast model organism Saccharomyces cerevi-
siae, it has been demonstrated that genetic and pharmacological interventions that can weaken but not completely 
inhibit metabolite flow through the pathway of de novo sphingolipid synthesis, can cause reduction in sphingo-
lipid concentrations. The reduction in sphingolipid concentration can subsequently lead to increased replication 
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and lifespan3. For example, deletion of Lag1 (homolog to human CERS2,) extends S. cerevisiae replication lifespan 
without altering the chronological lifespan. Whereas deletion of lsc1 (homolog to human nSMase 2) has been 
shown to shorten S. cerevisiae chronological lifespan3. This indicates a clear role for sphingolipids in regulation 
of replication and lifespan in yeast. Other lipids can regulate lifespan in S. cerevisiae, including triacylglycerides 
(TG). Excessive TG content is converted to ethanol which shortens chronological lifespan in yeast via an unde-
termined mechanism3. Therefore, caloric restriction (CR) can extend yeast lifespan by reducing the amount of 
excessive TG. Additionally, changes to the composition of mitochondrial membrane phospholipids has been 
linked to altered lifespan in yeast3. The changes in concentration of lipids and their impact on lifespan regulation 
and ageing process is a clear evidence of their significant role in regulation of health and disease. However, the 
relationship between lipids and longevity is complex and not all lipids within a class will have the same impact 
on lifespan15. The complex nature of this relationship can be demonstrated by the lipid class phosphatidylcholine 
(PC), where PC lipid species PC (O-34:1) and PC (O-34:3) have a negative association with diabetes and hyper-
tension and a positive association with longevity16. Conversely, other PC species show either no effect or a nega-
tive effect with longevity17. This demonstrates the complex relationship between lipids, lifespan and healthspan.

In addition to lifespan, lipids can influence healthspan as the lipid composition and concentration directly 
affects cellular metabolism and function of a cell17. For example, lipids in membrane can influence many diverse 
biological functions, such as membrane fluidity and influence signalling capacity18. Membranes are also respon-
sible for protecting enzymes and genes from external environments. However, with age the composition of lipids 
within a cell alters, including the membrane lipids18. This subsequently results in structural, functional and behav-
ioural changes within a cell18, which can increase the development of age-associated diseases. As a result, certain 
lipid profiles can predict the risk of age-associated diseases, such as type 2 diabetes (T2D), cancer, and coro-
nary heart disease2,19. In T2D - a common age-associated disease - a relationship has been established between 
increased risk of T2D and lower carbon number and double bond content of TG20. This relationship stands true 
for other lipids, including ceramides (Cer), phosphatidylcholines (PC) and sphingomyelins (SM)20. Such findings 
begin to answer the question as to why dyslipidemia (the presence of an abnormal amount of lipids) is an inde-
pendent risk factor of T2D20. Furthermore, TG and cholesterol are used to determine risk of cardiovascular dis-
eases17 while TGs and lipoprotein levels have been linked with increased risk of obesity and hence can negatively 
impact health and longevity1. Altered lipid metabolism is also a prominent feature of cancer due to increased 
demand to support accelerated proliferation21 with altered levels of TG specifically associated with many types of 
cancer22–24. These data provide clear support for role lipids in regulating healthspan in many species.

Most interestingly, it is well-established that females and males of various species have different average 
lifespan, healthspan and ageing rate25. However, the molecular pathways that contribute to these observed dif-
ferences between male and females are not fully understood. As lipids clearly play a vital role in regulation of 
ageing rate, healthspan and lifespan26, it is plausible that they may also contribute to the differences observed 
in ageing rate between the two sexes. Indeed, the lipid composition of male and females are different27–30. This 
is partly, due to different reproduction, hormonal and growth needs of both sexes. Furthermore, several studies 
have demonstrated that there are clear sex associated differences in lipid profile with age31–35. However, further 
detailed studies are required to enhance our understanding of the role of lipids in regulation of lifespan between 
sexes. Short-lived model organisms with different average lifespan between females and males can help to eluci-
date the molecular mechanisms of lifespan and healthspan regulation between sexes.

Daphnia magna are a recognised model organism by the U.S. National Institute of Health36. They have been 
extensively used across a variety of research fields including ecotoxicology, ecology and population genetics and 
is ever-growing in importance for molecular studies of neurobiology and the biology of ageing37. Importantly, D. 
magna reproduce via cyclical parthenogenesis whereby mothers produce genetically identical daughters. During 
unfavourable conditions or through hormonal stimulation, male Daphnia are produced for sexual reproduction. 
Both females and males are genetically identical yet demonstrate different average lifespans, body size, swimming 
speed and ageing rate37. These observations bring D. magna to the forefront of alternative models for research into 
ageing. Therefore, in this study we used genetically identical female and male D. magna to gain a comprehensive 
understanding of how their lipid composition alters as function of age and sex. To capture the dynamics nature 
of lipids as a function of age and sex, we conducted a detailed time course lipidomics study with 90 samples cov-
ering 15 female age groups and 12 male age groups. The information can reveal how alteration to lipid profiles or 
lipid signalling influence longevity overall and provide greater insight into sex differences in longevity. It will also 
improve our understanding of inherited pro-longevity lipid profiles and help elucidate mechanisms behind lipid 
metabolism and it’s interaction with lifespan extension1. Overall, the magnitude of this study, alongside using 
genetically identical female and male species that have evolved different average lifespan and ageing rate37, makes 
this study unique and extremely powerful in regards to advancing our understanding of the molecular regulation 
of lifespan between sexes.

Experimental Procedures
Daphnia magna stocks and maintenance.  Cultures of Daphnia magna Bham 2 strain38 have been main-
tained in the laboratory conditions at the Daphnia Facility, University of Birmingham, UK for over 10 years as 
previously described37,39,40. In this work, D. magna Bham 2 strain were maintained in photoperiodic lighting 
(16 h of light: 8 h of dark) and temperature of 20 ± 1 °C, in high hardness COMBO medium minus EDTA41,. 
Animals were fed every other day with Chlorella vulgaris at a concentration of ≈27,550 cells of algae per individ-
ual Daphnia. Media was changed three times a week and cultures maintained at a maximum of 1 adult/50 ml of 
media at a minimum density of 5 individuals/250 ml.

Chemical-induction of genetically identical male D. magna BHAM 2.  Female D. magna Bham 
2 strains were treated with the crustacean reproductive hormone, (E,E) Methyl Farnesoate (MF; Tebu-Bio ltd, 
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Peterborough, UK) according to the protocol described in our previous publication37. Briefly, male Daphnia were 
induced by exposing sexually matured individual female Daphnia (age of maturity for D. magna Bham 2 strain: 
9 days old) to MF at a final concentration of 400 nM. Due to the instability of MF, media was changed daily to 
ensure consistent exposure. The first brood was discarded and male neonates were collected from 2nd–5th broods. 
Female and male cultures were maintained separately.

Sample collection.  Samples were collected at regular intervals for female and male D. magna, as shown in 
Fig. 1.

When male D. magna had reached the sampling age, samples were collected at the same time of day for all 
sampling groups, washed with deionised water and flash frozen in liquid nitrogen. Female samples were collected 
using the same method, however, to ensure females were in a similar reproductive stage and no signal would be 
detected from neonates, individuals with empty brood pouches were collected within a 2-hour window of brood 
release.

Sample preparation for lipidomics analysis.  To ensure the same amount of biomass was used for 
lipid extractions regardless of the age and size of the Daphnia, an initial experiment was conducted to measure 
the dry mass of male and female Daphnia at different ages and calibration curves were created. This enabled 
the used of consistent biomass (equivalent to dry mass 4.37 mg) for each lipid extraction for all sample groups 
(Supplementary Figure S1a,b; Đức, et al.42). Lipid extractions were conducted using a biphasic approach (chloro-
form/methanol/water; ratio – 2/2/1.8) as described in detail by Wu, et al.43 and Mirbahai, et al.44. Extract blanks 
were produced following the same protocol without Daphnia material. Lipid extracts equivalent to 4.73 mg bio-
mass were dried under a stream of nitrogen gas.

Sample resuspension for ultra-high performance liquid chromatography mass spectrometry 
(UHPLC-MS) lipidomics.  Ice-cold 1:1 acetonitrile: propan-2-ol (80 µl; Fisher Chemicals: LC/MS grade 
A955-212, LC-MS grade A461-212) was added to the dried extracts and vortexed (30 s). Equal amount (15 µl) 
was taken from each sample, pooled and vortexed to create the intrastudy quality control (QC) sample. Samples 
were centrifuged (4 °C, 4000 rpm, 10 minutes). Supernatant (55 µl) was transferred to a low-volume HPLC vial 
(Thermo Fisher) and stored on ice. The QC sample was vortexed and centrifuged (4 °C, 4000 rpm, 10 minutes) 
and divided into 23 aliquots of 50 µl and loaded into low-volume HPLC vials. Vials were placed in an autosampler 
(7 °C).

UHPLC-MS/MS lipidomics.  UHPLC-MS lipidomics is a semi-quantitative approach that identifies rela-
tive fold-changes of lipids across different phenotypic groups45. Lipidomics data were acquired using a Dionex 
UltiMate 3000 Rapid Separation LC system (Thermo Fisher Scientific, MA, USA) coupled with a heated elec-
trospray Q Exactive mass spectrometer (Thermo Fisher Scientific, MA, USA). Extracts were analysed on a C30 
column (Accucore 150 × 2.1 mm, 1.7 µm; Thermo Fisher Scientific, MA, USA). Mobile phase A consisted of 
10 mM ammonium formate in 50% v/v acetonitrile/water (Fisher Chemicals, A955-212) with 0.1% formic acid 
and mobile phase B consisted of 2 mM ammonium formate in 10:88:2 v/v/v acetonitrile, isoproponyl (Fisher 
Chemicals, A461-212) and water (Merck, 1.15333.2500) with 0.02% formic acid. Gradient: t = 0.0, 22% B; t = 6.0, 
60% B; t = 14.0, 85% B; t = 23.0, 100% B; t = 26.0, 100% B; t = 26.1, 22% B; t = 30.0, 22% B. All changes were linear 
(curve = 5) and the flow rate was 0.40 mL/min. Column temperature was 45 °C and injection volume was 5 μL. 
Data were acquired in both positive and negative ionisation UHPLC-MS/MS within the mass range of 200–1800 
m/z at resolution 70,000 (full scan data; FWHM at m/z 200) and 35,000 (MS/MS data). The UHPLC-MS/MS 
scan cycle was as follows: full scan, 5xHCD MS/MS (top 5 most intense ions), repeat. An MS/MS exclusion 
list - created from an extract blank sample was used in the method. Stepped normalised collision energies of 
25 and 30 were used, and dynamic exclusion was set to 8 s. Ion source parameters were set as follows: sheath 
gas = 60 arbitrary units, aux gas = 20 arbitrary units, sweep gas = 1 arbitrary units, spray voltage = 3 kV capillary 
temp. = 285 °C, aux gas heater temp. = 370 °C. Automatic gain targets of 1e6 (full scan MS) and 1e5 (MS/MS) 
were used. The purpose of the MS/MS protocol detailed here was to fragment as many of the detected peaks as 
possible to allow them to be annotated by comparison to MS/MS libraries, described below.

Data analysis and lipid annotation.  LipidSearch (version 4.2, Thermo Fisher Scientific) was used to 
de-convolute and integrate peaks in the data, and annotate peaks based on their MS/MS fragmentation pat-
terns. In terms of deconvolution, this software generated two data intensity matrices – one for positive and one 
for negative ionisation modes – containing samples as rows and annotated lipids as columns. Only lipids that 

Figure 1.  Sample collection details for female and male D. magna. Sample ages for females are shown at the 
top where the minimum sampled age is 10 days and the maximum sampled age is 80 days. Male sample ages are 
shown on the bottom and have a minimum sampled age of 8 days and maximum sample age of 40 days. Ages 
shown in red have a biological replicate number of 8, ages shown in black have a biological replicate number of 2.
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were annotated from their MS/MS spectrum were retained in the datasets. For lipid annotation, all experimental 
LC-MS/MS spectra data were searched against a MS/MS lipid library in the LipidSearch software database. The 
generated MS/MS fragmentation spectrum can be used to identify the class and fatty chain composition of lipid 
species (some examples of MS/MS spectra from lipid species measured in this study are shown in Supplementary 
Data S1: Section B.). Experimental MS/MS spectra were searched against all lipid classes in the LipidSearch 
database using the following potential ion forms: positive ion = [M + H]+, [M + NH4]+, [M + Na]+, [M + K]+, 
[M + 2 H]2+; negative ion = [M-H]−, [M + HCOO]−, [M + CH3COO]−, [M + Cl]−, [M-2H]2−. The quality of the 
annotation was graded as A-C. This is defined as: Grade A = all fatty acyl chains and class were completely identi-
fied; Grade B = some fatty acyl chains and the class were identified; Grade C = either the lipid class or some fatty 
acyls were identified. Only peaks that had an annotation grade of A-C were retained in the dataset. Peaks in the 
data matrices were then filtered as follows: (i) peaks that were present in both the QCs and the extract blank with 
a extract blank:QC intensity ratio of >10% were removed; (ii) samples with >20% missing values were removed; 
(iii) peaks with a median QC intensity RSD > 30% were removed; (iv) matrix was normalised by PQN46 and (v) 
missing values were filled by KNN47. R (R Project for Statistical Computing, http://www.r-project.org/, Version 
3.5.2) was used for all statistical analyses and data visualisation. First, positive and negative data matrices were 
checked to ensure no overlapping ion forms were detected. The datasets were concatenated and treated as a single 
dataset for the remainder of the analysis. Principal component analysis (PCA) was applied and visualised using 
package ggplot248. Data was analysed by the R package ‘Limma’49 with the core capability of log2 transforming 
data then using linear models to assess differential expression in the context of multifactorial experiments50. 
Empirical Bayesian methods were then applied to smooth standard error to provide stable results for lipids in 
conditions age only (irrespective of sex), sex only (irrespective of age) and sex:age interaction. A further two 
results files were subsequently generated for the condition of age in females only and another for males only.

Venn diagrams, barplots and heat map were produced using R package ‘ggplot2’ and the results tables pro-
duced via Limma. For the barplots, significantly changing lipids showing an increasing trend or decreasing trend 
were selected by adjusted p-value <0.001 with a log fold change of <0 and >0, respectively. The method of adjust-
ment applied was BH as described by Benjamini and Hochberg51. For heatmaps analysis, the results datasets (sex, 
ageF, ageM, sex:age interaction) were ordered by adjusted p-value and the top 50 most significantly changing 
lipids from each ion mode were selected for heatmap visualisation.

Results
Age and sex influences lipid profile in D. magna.  PCA was conducted on the normalised combined 
negative and positive ion mode lipidomics dataset. As demonstrated in Fig. 2, D. magna samples were separated 
along the principal component 1 (PC1) according to sex (with no overlap between male and female groups). 
Samples were further separated along the PC2 axis according to age, from young (orange) to old (blue).

Based on the PCA results, it was prudent to analyse the data in terms of sex, female ageing, male ageing and 
sex:age interaction. Throughout the analysis, it became apparent that not all lipid sub-species within a single class 

Figure 2.  Principal component analysis of normalised positive and negative ionisation mode lipidomics data 
for male and female Daphnia magna demonstrated as percentage of lifespan. Principal component 1 shows 
clear separation based on sex (F = female, M = male) with females grouped to the left and males to the right. 
Principal component 2 shows separation by age depicted by colour ranging from orange (young) to blue (old). 
Female D. magna age range is 10 days to 80 days (maximum sampled age = 80 days). For female age groups 
20, 40 and 80 days, eight technical replicates were used and for intermediate ages two technical replicates were 
used. Male D. magna age groups ranging from 8 days to 40 days were used (maximum sampled age = 40 days). 
For male D. magna age groups 10, 20 and 40 days, eight technical replicates were used and for intermediate age 
groups two technical replicates were used. For detailed information regarding biological replicate numbers see 
Supplementary Tables S1 and S2. Supplementary Figures S5 and S6 show PCA plots for positive and negative 
ion mode separately and highlight the grouping of the intrastudy QC sample.
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behave in the same way. Table 1 highlights 10 lipid sub-species and their associated class, ordered by most to least 
significantly changing relative intensity in the condition of sex:age interaction, with the response of the same lipid 
sub-species for the conditions of sex, female ageing and male ageing. Table 2 shows some reported biological 
functions related to the classes of the 10 lipids included in Table 1. The details for all annotated lipids are reported 
in Supplementary Table S3.

Overview of changes in lipidomics of male and female D. magna as a function of age and 
sex.  Of the total 2,556 annotated lipids (based on their MS/MS fragmentation pattern) used for the subsequent 
analysis, 2,051 lipids showed significantly altered relative intensity (FDR adjusted p-value <0.001) as a function of 
sex (1,413), age (1,169) or sex:age interaction (1,011) (Fig. 3a, Supplementary Table S3). The significantly altered 
lipids are referred to as ‘significant annotated lipids’ for the remainder of the paper.

Roughly an equal number of significant annotated lipids are changing as a function of age (1,169) and are 
different between the sexes (1,413). Interestingly approximately half (1,011) of all significant annotated lipids are 
interacting between age and sex. A fraction of lipids (345) are changing as a function both sex and age (reported 
to change significantly as a function of sex and age), and also have significant interactions between age and sex 
(have different age-related changes in the two sexes). Lipids that are significant for only one variable are rare, espe-
cially for sex:age interactions. Only 27.67% (391/1,413) of sex-dependent changes show no age-related changes or 
sex:age interactions, meaning these lipids do not change during ageing, but are different between male and female 
Daphnia. A similar number of lipids (28.49%; 333/1,169) with age-related changes were equal in both sexes. 
While only 12.86% of sex:age interaction significant lipids had no significant changes for age or sex, meaning 
there are fewer lipids where the independent effects of sex and age is cancelled out. For example, when the lipid 
amount increases in one gender during ageing and at the same time decreases with age in the other gender with 
equal magnitude, the overall effect is cancelled out in an interaction setting. The identity of the lipids that alter 
as a function of age or sex can provide valuable information regarding the role of lipids that drive the differences 
observed in ageing rate between the two sexes.

DESCRIPTION SEX:AGE INTERACTION SEX ONLY FEMALE AGE ONLY MALE AGE ONLY

LipidIon Class logFC AveExpr adj.P.Val logFC AveExpr adj.P.Val logFC AveExpr adj.P.Val logFC AveExpr adj.P.Val

SM(t40:2)+HCOO SM −0.1068 −1.6318 3.24E-21 1.9720 −1.6318 1.96E-13 0.0025 −1.3352 0.36712 −0.1042 −1.9647 7.53E-15

ChE(16:1)+NH4 ChE 0.1241 3.8752 1.55E-20 −3.4721 3.8752 1.67E-18 −0.0423 3.7010 2.19E-11 0.0825 4.0706 5.74E-15

SM(t40:2)+H SM −0.0675 2.4276 1.83E-20 1.2463 2.4276 1.08E-11 −0.0032 2.5644 0.09941 −0.0707 2.2741 1.29E-15

TG(2:0_14:0_16:3)+NH4 TG 0.0583 3.6851 1.89E-20 −1.0510 3.6851 4.47E-10 0.0166 3.6932 2.72E-09 0.0752 3.6759 8.65E-25

SM(d34:3)+H SM −0.0710 3.7734 3.59E-20 1.5936 3.7734 1.07E-14 −0.0027 3.7889 0.23171 −0.0733 3.7560 5.39E-16

TG(2:0_16:0_16:3)+NH4 TG 0.0459 6.3280 8.82E-20 −0.6185 6.3280 2.08E-06 0.0171 6.2759 1.51E-11 0.0633 6.3864 9.17E-26

ChE(18:1)+NH4 ChE 0.0945 6.3903 1.50E-19 −4.5301 6.3903 1.71E-31 −0.0356 7.1095 7.51E-14 0.0597 5.5834 1.38E-12

ChE(17:1)+NH4 ChE 0.1042 1.0156 1.66E-19 −3.8441 1.0156 5.71E-24 −0.0410 1.2567 1.23E-14 0.0632 0.7451 1.34E-10

TG(16:0_16:0_18:3)+NH4 TG 0.0165 12.7314 2.84E-19 −0.1669 12.7314 0.00035 0.0040 12.6646 9.19E-12 0.0205 12.8064 4.94E-16

TG(36:4)+NH4 TG 0.0491 7.880 6.88E-19 −0.6493 7.8801 4.74E-06 0.0158 7.7948 2.64E-09 0.0647 7.9759 5.30E-24

Table 1.  Top 10 lipids with most significantly changing relative intensity in sex:age interaction plus response of 
the same lipids in sex, ageing in females only and ageing in males only. Lipids were ordered by adjusted p-value 
from most significant to least for the condition of sex:age interaction. For the conditions of sex only, ageing in 
females only (female age only) and ageing in males only (male age only), lipids were ordered to match that of 
sex:age interaction. Log fold-change (logFC), average expression (AveExpr) and adjusted p-value (adj.P.Val) 
were recorded for each condition. Where average expression is positive: for sex:age interaction this is changing 
at a faster rate in females; for sex only this is higher in females; in female ageing only this is increasing with age; 
in male ageing only this is increasing with age. The MS/MS fragmentation spectra of all lipids listed in Table 1 
have been manually reviewed (Supplementary Data S1: Section B).

Class Biological Function Reference

SM
SM facilitates formation of lateral membrane domains and has a strong interaction with cholesterol. SM has a varied 
and vast biological influence including but not limited to; regulation of endocytosis and receptor-mediated ligand 
uptake, ion channel and G-protein coupled receptor function, protein sorting, and functioning as receptor molecules 
for various bacterial toxins, and for non-bacterial pore-forming toxins.

76

ChE
ChE is the inactive form of cholesterol and it is primarily used for transport of cholesterol to organs or to act as 
a biologically inert storage of excess cholesterol by the addition of fatty acids to the hydroxyl group results in less 
polarity making the lipid ‘inert’

71

TG TGs are the main form of fat recorded in humans and are present across many species. They are found in the blood 
and act as an energy supply for the body in addition to being stored as body fat when excess is present.

77,78

Table 2.  Biological function of lipid classes included in Table 1. The top 10 lipids with most significantly 
changing relative intensity in sex:age interaction were lipid sub-species of three lipid classes; SM 
(sphingomyelin, ChE (cholesterol ester) and TG (triglyceride).
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As shown in Figs. 3a, 16.82% of the significant annotated lipids are shared between all three categories (sex, 
age or sex:age interaction), meaning these lipids have age-related changes in both sexes, but also the rate of change 
is different between the sexes. Interestingly, 15.41% of the significant annotated lipids are shared between age and 
sex groups and not present in sex:age interaction group. These lipids are changing the same way in both sexes 
during ageing, but there is also a basal difference in the lipid levels between the sexes.

Age-dependent changes in lipid profile of female and male D. magna.  When analysing 
age-associated changes in relative intensity of lipids in the context of ageing in female only (AgeF) and ageing in 
male only (AgeM), a total of 2,556 lipids were identified, of which 1,863 were expressing significantly altered lipid 
relative intensity (<0.001 adjusted p-value), see Supplementary Table S3. The lipids found to have statistically 
significant changes in relative intensity with ageing are referred to as ‘age-related annotated lipids’.

As shown in Fig. 3b, a high percentage of annotated lipids (42.73%) alter as function of age and independent of 
sex in D. magna. Interestingly, there are more unique age-related annotated lipids changing in male only samples 
(36.45%) compared to female only samples (20.83%).

LipidSearch 4.2 was used, as described in the method section, to identify the categories of significantly altering 
lipids as a function of sex. The identified lipids are categorised into five over-arching class groups as shown in 
Fig. 4 and listed in Supplementary Table S7.

Within these six over-arching groups, certain sub-classes of lipids are more common in the overall dataset. 
For example, triglycerides (TG) and diglycerides (DG) account for 82.26% and 13.45% of the total neutral lipids 
and sterols. Phosphatidylethanolamine (PE) and phosphatidylcholines (PC) account for 34.47% and 29.92% of 
glycerophospholipids, respectively. Within sphingolipids, ceramides (Cer) and sphingomyelin (SM) account for 
46.01% 42.97% of the lipids, respectively. Some MS/MS fragmentation spectra for species within each of the 6 
over-arching classes (plus some other examples) were manually checked to confirm that the identifications gen-
erated by the automated annotation software were correct (Supplementary Data S1: Section B).

Most interestingly, the sub-classes behave differently between sexes as seen in Fig. 4 and Supplementary 
Table S4. For example, the level of TG (34% lower) and DG (70.70% lower) neutral lipids are generally lower in 
males compared to females. Likewise, the level of lipids categorised as sphingolipids are largely lower in males, 
as shown by 51.24% of ceramides demonstrating a lower amount in males and only 9.09% are higher in males 
compared to females. In contrast, the level of certain lipid sub-classes are generally higher in males than females, 
including SM, with 31.86% of SM demonstrating a higher amount in males than in females. Finally, there are lipid 

Figure 3.  The Venn diagram represents an overview of the number of lipids with significant change in their 
relative intensity between categories of sex, age and sex:age interaction, and ageing in males and females in D. 
magna. (a) The number of annotated lipids found to have a statistically-significant change in relative intensity 
(adjusted p-value <0.001) across the factors sex, age, and sex:age interaction are represented by numbers 
and the respective percentage within each grouping. The 505 lipids outside of the groupings do not show 
significantly (adjusted p-value <0.001) changing relative intensities in any of the conditions presented. (b) 
The number of lipids identified as showing a significant change in relative intensity (adjusted p-value <0.001) 
observed within the conditions of ageF (female ageing data only) and ageM (male ageing data only) are 
represented by numbers and percentages within each grouping.
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categories that display no significant difference between sexes, such as GD1a and Hex2Cer. The total number of 
lipids classified as within these groups occur at much lower frequencies compared to other classes (Fig. 4).

Accumulative change in the levels of lipids in female and male D. magna with age.  Figure 5a 
highlights the statistically-significant changes in lipid intensities across the main age groups of female D. magna; 
ages 20, 40 and 80 days compared to the youngest age group of 10 days old. When using age 10 days as the ref-
erence group for statistical comparisons, a clear statistically significant trend of change in intensities of lipids 
is observed between young (10 days old) and older (20, 40 and 80 days old) female Daphnia. Only 87 lipids are 
unique to aged 10 days compared to aged 20 days (age 10 vs 20), indicating relatively few differences between the 
lipidomes of these two age groups. By contrast, 340 lipids were found to have statistically-significant intensity dif-
ferences when age groups 10 and 80 days were compared (age 10 vs 80) highlighting greater disparity between the 
lipidomes of these two age groups than between the 10 and 20 day groups. This clearly demonstrated that there 
is a gradual divergence of the lipidome over time leading to larger difference between the oldest age group of 80 
days compared to aged 10 days. A similar trend can be observed when using females aged 20 days as the reference 
group (Supplementary Table S5). Interestingly, at age 40 days old (approximately 40% of lifespan for female D. 
magna) there is 118 (4.62%) and 242 (9.47%) lipids with significantly altered lipid intensities compared to age 10 
days and 80 days, respectively (Supplementary Table S5). This data also provide evidence that the changes in lipid 
profile of D. magna as a function of age are accumulative and occur gradually throughout the lifespan of Daphnia 
rather than rapidly occurring at a specific time in the lifespan of Daphnia.

Finally, when using females aged 80 days as the reference group (Supplementary Table S6), a similar trend to 
when using age 10 days old Daphnia was observed, supporting a continuous divergence of the lipidome with age.

The same trend observed in females is also observed in male D. magna whereby there is less difference between 
young age groups (e.g 8 and 10 days) and a larger difference between young and old age groups (e.g 8 and 40 days; 
see Fig. 5b, Supplementary Table 6). The main difference between sexes is that when 40% of lifespan in males 
(aged 20 days) is used as the reference, the range of results are much wider with 89 (3.48%) lipids comprising 
the smallest group (comparing 20 days v 8 days and 20 days v 40 days) and 428 (16.74%) lipids representing the 
largest group (20 days v 40 days). The 3.48% lipids uniquely altered in intensity in aged 20 days v 8 days, compared 
to aged 20 days v 40 days shows that the majority of lipids changing between 8 and 20 days are the same lipids 
continuing to significantly change between aged 20 days and 40 days, with only 3.48% difference. Overall the 
lipidome in ageing males appears to follow the same trend as seen in females with a gradual divergence over time.

Certain lipid sub-classes behave differently (i.e. change in their relative intensity level) with age between 
female and male D. magna samples, leading to a different lipid profile between male and females as function of 

Figure 4.  Differences in lipid class between male and female D. magna. Stacked normalised bar chart shows 
percentage of lipid classes with statistically-significant changes between sexes. Lipids lower in males are shown 
in blue whilst lipids higher in males are shown in red. Grey represents no significant difference between sexes 
(adjusted p-value <0.001). For female age groups 20, 40 and 80 days eight technical replicates were used and 
for intermediate age groups two technical replicates were used. For male D. magna age groups 10, 20 and 40 
days eight technical replicates were used and for intermediate age groups two technical replicates were used. 
For detailed information regarding biological replicate numbers see Supplementary Tables S1 and S2. Numbers 
on the x-axis represent the total number of lipids identified in each class. Numbers on the x-axis represent the 
total number of lipids identified in each class, for lipid class abbreviation descriptions and classification see 
Supplementary Table S7.
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age (Fig. 6a,b). For example, while the relative intensity (i.e. level) of equal number of lipids in the PE, PC and DG 
sub-categories decreases with age in both females and males, higher percentage of lipids in these sub-categories 
show an increase relative intensity as a function of age in males (PE: 26.79%, PC: 14.73%, DG: 75.80%) than 
females (PE: 2.38%, PC: 3.08%; DG: 47.77%). Other clear differences between females and males is detected in 
the Cer and SM sub-categories. Higher percentage of lipids in these sub-categories show a decrease in their rel-
ative intensity as a function of age in males (Cer: 40.50%, SM: 41.59%) than females (Cer: 30.58%, SM: 28.32%). 
While the opposite trend is observed for the TG sub-category with higher percentage of lipids in this sub-category 
demonstrating a decrease in their relative intensity as a function of age in females (TG: 23.16%) than in males 
(TG: 17.4%). Most interestingly, there are sub-categories that only alter in their relative intensity as a function 
of age in one of the sexes while remaining unchanged in the other sex. For examples, within the 16 ChE lipids, 
93.75% decline with age in females yet 0% decline with age in males. For the same lipids, 75.00% increase with age 
in males and 0% increase in females.

Sex:age interaction.  Sex:age interaction group represents differential rate of change during ageing in the 
two sexes in the relative intensity of the lipids. The concentrations of different lipids in different sub-classes alter at 
different rates as a function of age between females and males (Fig. 7). For example, the concentrations of 26.94% 
and 61.15% of the lipids in the sub-classes of TG and DG, respectively, alter at a higher rate in males compared to 
females. On the other hand, the concentration of 30.58% and 21.14% of lipids in the ceramides and sphingomye-
lin sub-classes, respectively, alter at a much slower rate in males compared to females with age.

The differential rate of change of some lipid intensities with age appear to show significance in one gender, 
for example either reportedly changing at a faster rate in males or no significant change (no lipid sub-species are 
seemingly changing at a faster rate in females). Of the 34 lipids that change in a single direction only, 29.41% 
express a faster rate of change in males. Contrastingly, only 5.88% are changing at a slower rate in males (faster 
rate in females) and 14.70% have no significant change in either direction.

Figure 8 is the heatmap representation of the intensity levels of the top 50 lipids, in both negative and positive 
ion modes, with the most significant adjusted p-value in their intensity as a function of interaction between age 
and sex. As shown in this figure, the intensity of the lipids (i.e. lipid profile) changes as a function of both sex 
(red = female, blue = male) and age (young = yellow, old = blue). Furthermore, within each class of lipids, sub-
categories of lipids are identified that demonstrate increased intensity and decreased intensity as function of age 
in both sexes. For example, in each row a change of colour from blue in females to red in males along the age axis 
indicates a faster rate of change with age in males. Similar trends are observed in sex only and age only analysis of 
the lipids data (see Supplementary Figures S5 and S6).

Discussion
Female and male Daphnia magna are genetically identical and yet show considerable differences in ageing rate 
and their overall lifespans37. Earlier studies using a variety of model organisms have revealed lipids as important 
contributors to both ageing and lifespan. In this study, we provide the first evidence of the contribution of lipids to 
ageing in both male and female Daphnia magna, finding that more than half of all lipids measured are statistically 
different between female and male D. magna with age.

Figure 5.  Venn diagram of lipids statistically-significantly changing lipid intensity with age between increment 
age groups compared to youngest age group for each gender. (a) Comparison of lipids in female D. magna 
showing statistically-significant changes in lipid intensity (p-adjusted <0.001) from age groups 20, 40 and 80 
days compared to youngest female group aged 10 days shows larger difference with increased age (e.g. between 
10 and 20 days only 87 unique lipids identified showing similarity between age groups compared to 340 unique 
lipids between aged 10 days and 80 days). The size of the circle is proportionally relative to number of lipids. 
(b) Comparison of significant lipids in male D. magna (p-adjusted <0.001) from age groups 10, 20 and 40 days 
compared to youngest male group aged 8 days shows larger difference with increased age (e.g. between 8 and 
10 days only 34 unique lipids identified showing similarity between age groups compared to 548 unique lipids 
between aged 8 days and 40 days).

https://doi.org/10.1038/s41598-020-62476-z


9Scientific Reports |         (2020) 10:5576  | https://doi.org/10.1038/s41598-020-62476-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

Genetically identical female and male D. magna show distinct lipid profiles based on sex.  The 
present study clearly demonstrates that sex is the main factor that influences lipid composition in D. magna 
(Fig. 2). Previous studies across a wide range of species have identified similar trends whereby the composition 
and level of lipids differ between sexes27,52–54, with the primary cause linked to differences in reproductive needs 
and hormone levels between the sexes53. Currently, our knowledge regarding molecular mechanisms of hormone 
regulation in Daphnia is limited. However, it has been shown that male Daphnia are induced by the juvenile hor-
mone (JH) or a JH pathway-related molecules emitted by the mother in response to environmental conditions, 

Figure 6.  Directional change of lipid levels significantly changing in (a) female and (b) male D. magna. Stacked 
normalised bar chart shows percentage of lipid classes that are changing with age in D. magna. Lipids showing 
overall decline with age are shown in blue whilst lipids showing overall increase with age are shown in red. 
Grey represents no significant change with age (adjusted p-value <0.001). Numbers on the x-axis represent 
the total number of lipids identified in each class, for lipid class abbreviation descriptions and classification 
see Supplementary Table S7. For female age groups 20, 40 and 80 days eight technical replicates were used and 
for intermediate age groups two technical replicates were used. For detailed information regarding biological 
replicate numbers see Supplementary Table S1. For male age groups 10, 20 and 40 days eight technical replicates 
were used and for intermediate age groups two technical replicates were used. For detailed information 
regarding biological replicate numbers see Supplementary Table S2.
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Figure 7.  Lipid class changes in sex:age interaction in male and female D. magna. Stacked normalised bar chart 
shows percentage of lipid classes that are changing with sex:age interaction. A faster rate of change in males with 
age is shown in blue whilst slower rate in males with age (faster rate in females) is shown in red. Grey represents 
no significant change with interaction between sex and age (adjusted p-value <0.001)). For female age groups 
20, 40 and 80 days eight technical replicates were used and for intermediate age groups two technical replicates 
were. For male D. magna age groups 10, 20 and 40 days eight technical replicates were used and for intermediate 
age groups two technical replicates were used. For detailed information regarding biological replicate numbers 
see Supplementary Tables S1 and S2. Numbers on the x-axis represent the total number of lipids identified in 
each class. Numbers on the x-axis represent the total number of lipids identified in each class, for lipid class 
abbreviation descriptions and classification see Supplementary Table S7.

Figure 8.  Heatmap of lipid changes with sex:age interaction. Heatmap of lipidomics analysis for top 50 lipids 
significantly-changing concentrations in positive ion mode (dark purple) and top 50 lipids significantly 
changing levels in negative ion mode (light purple, adjusted p-value <0.001) in D. magna. The heat map shows 
100 selected lipids indicated by class colours (rows) and 29 samples (columns). Colours correspond to per-lipid 
z-score that is computed from area under the curve. Lipids and samples were hierarchically clustered based on 
Euclidean cluster extraction and average linkage. Numbers on the x-axis represent the total number of lipids 
identified in each class, for lipid class abbreviation descriptions and classification see Supplementary Table S7.
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known as environmental sex determination55–59. Therefore, the reproductive demands placed on female and male 
daphnids are extremely different. Daphnia reproduce by cyclical parthenogenesis. Under normal conditions with 
low levels of stress factors, Daphnia reproduces asexually and the mother clonally produces daughters. Under 
stressed conditions, male Daphnia are produced for sexual reproduction, leading to production of diapause eggs 
that remain in arrested development until more favourable reproductive conditions return60. As the purpose of 
male production is for sexual reproduction and sexual reproduction in Daphnia is limited to a narrow window of 
time, males characteristically have much shorter lifespans and smaller body size than females. Therefore, males 
usually invest less energy into growth and instead the majority of their energy is directed towards maximising egg 
fertilisation37. Therefore, it is possible that the lipidome of D. magna separate strongly by sex due in part to the 
energy demands related to the different reproductive roles.

It is important to highlight that lipids are diverse and play a multitude of roles within biological systems. 
Therefore, by investigating changes in different classes of lipids between sexes it may provide clues with regards 
to differences in regulation of biological pathways and needs of both sexes. For example, triglycerides (TG) and 
diglycerides (DG) are more frequently, but not exclusively, lower in male compared to female D. magna (Fig. 4). 
TGs are the main form of fat recorded in humans and are present across many species. They are found in the 
blood and act as an energy supply for the body in addition to being stored as body fat when excess is pres-
ent. The role of TG as the most abundant and accessible energy supply supports the idea that female D. magna 
would require higher concentrations due to the energy demand placed on cyclical parthenogenetic reproduction, 
growth rate, body size and swimming speed.

Glycerophospholipids appear to show the opposite trend to neutral lipids with phosphatidylethanolamine 
(PE) and phosphatidylcholine (PC) both observed to be predominantly, but not exclusively, higher in male 
compared to female D. magna (Fig. 4); however overall across both sexes PE and PC largely decline with age 
(Fig. 6a,b). PEs are an essential component of biological membranes and play a key role in cell and organelle 
membrane fusion, trafficking and curvature, oxidative phosphorylation, mitochondrial biogenesis and auto-
phagy61. In total, PEs account for approximately 25% of all mammalian glycerophospholipids and are particularly 
enriched in the brain where they account for 45% of total glycerophospholipids and reportedly act as a precursor 
to the ligand for cannabinoid receptors62. In recent years the role of PE in mammalian health has begun to be 
established, following the discovery of a relationship with Alzheimer’s disease, Parkinson’s disease, non-alcoholic 
liver disease and virulence of some pathogenic organisms61. PE and PC are directly linked as in mammalian liver 
the enzyme phosphatidylethanolamine N-methyltransferase (PEMT) catalyses the conversion of PE to PC by the 
transfer of three methyl groups from S-adenosylmethionine to PE. PC is also a major component of biological 
membranes and is a pulmonary surfactant whilst also acting as an important membrane cell-signalling mole-
cule63. Previous research has reported the decline of PE and PC with age in mouse liver and brain. The impact of 
this is altered membrane fluidity as membranes become more fluid when containing a low PC: PE ratio, or low 
cholesterol content. Membrane fluidity has shown the decline with age in rat brain, liver and heart, whilst in the 
long-lived naked mole rat maintains membrane fluidity through a specific glycerophospholipid/fatty acid satu-
ration profile64. The loss of membrane fluidity with age may be in-part due to dyslipidemia observed with age. 
Investigation in a Japanese population highlighted a link between increased total ester-linked PE and PC species 
with age, but a decline in specific ether-linked PE and PC species with age65. The different behaviour of specific 
lipid species with age may be linked to the role of each lipid species. In hEP-2 cells, ether-linked PE has an alkenyl 
group and represents 70–80% of the inner leaflet of the plasma membrane, where-as ether-linked PC species 
tend to have an alkyl group and represent 70–80% of the outer leaflet of the plasma membrane66. The abundance 
of ether-linked glycerophospholipids indicates their biological importance; however the specific role remains 
unclear. Possible suggestions include that alkenyl-PE species are the main source of polyunsaturated fatty acids 
for prostanoid production and cell signalling. Alkenyl-linked glycerophospholipids (plasmalogens) are report-
edly active in protection from oxidative damage and alkenyl-PE is essential for cholesterol transport from the cell 
surface and endocytic compartments to the endoplasmic reticulum66. The overall higher relative lipid intensity 
of PE and PC in males to females (Fig. 6) could possibly be linked to the anti-oxidant role as male D. magna 
show a faster accumulation of DNA damage in real-time37 and thus when not considering age may show a higher 
demand for oxidative protection measures.

In D. magna, we observed that sphingomyelin (SM) levels are higher in males. The same trend has been 
observed with humans whereby females have lower recorded SM67. This has been linked to the different distri-
bution of each lipid species and the metabolic consequences associated with that67. SM is a major component 
of the lipid bilayer of cell membranes and so mirrors the observations seen for PE and PC which are also both 
major lipids present in the membrane lipid bilayer. Interestingly, the more predominant sphingolipid, ceraminde 
(Cer), is largely lower in male D. magna. Cer is considered a centre for sphingolipid metabolism which has been 
linked to regulation of antiproliferative responses such as growth inhibition, apoptosis, differentiation and senes-
cence68,69. Often changes with Cer and SM are linked with ageing, discussed later in this article. Thus it is possible 
that when investigating sex differences without considering the age of the females and males, we are measuring 
the overall difference in the level of Cer and SM with age encapsulated by each sex69.

Genetically identical female and male D. magna show divergence of lipidome as a function of 
age.  To elucidate age related changes within each sex, changes in the lipid composition of male and female 
Daphnia as a function of age was investigated (Supplementary Tables S5, S6, Fig. 6a,b). Although female Daphnia 
magna reproduce via cyclical parthenogenesis throughout the duration of their lifespan, their reproductive 
capacity and clutch size declines as they age when they reach 20% of their lifespan (Constantinou et al., 2019). 
Furthermore, the swimming speed also declines continuously with age in female Daphnia37. The reduced energy 
demand for reproduction and movement is reflected in the changes observed in the lipid composition of females 
as a function of age (Supplementary Table S5). A similar trend was also observed among male D. magna, whereby 
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the lipid composition and concentrations changed linearly with age (Supplementary Table S5). This could also be 
linked to decline in swimming speed as a function of age in males. Furthermore, fertilisation success is reduced in 
both females and males as they age and thus males may demand less energy for reproduction37.

As demonstrated in Supplementary Table S5, the lipid composition of 40 days old females (40% of their 
lifespan) is equally as diverged and distinct from a young sexually mature Daphnia (10% of lifespan) as it is from 
an old Daphnia (80% of lifespan). This indicates that lipid composition is continuously altering and evolving with 
age, reflective of the different needs of an individual as they age. Figure 6b and Supplementary Table S6 demon-
strates that males follow the same trend; however, the changes in lipid composition are much more pronounced in 
the second half of their life. The more pronounced changes in the lipidome of male Daphnia at later stages of their 
life compared to their midlife point could be partly due to the time points that were used for the male samples. In 
this analysis, we used samples that represent 16%, 20%, 40% and 80% of the lifespan of the male Daphnia. Males 
are not sexually mature until 8 days therefore it was not possible to use a representative sample of 10% of lifespan 
(5 days) to match the youngest age group for females where aged 10 days is representative of 10% of lifespan.

When considering age for both sexes separately in the analysis (Figs. 6a,b), we identified a higher proportion 
of TG and DG lipid classes changing with age of which the majority are increasing. Notably, DG shows the big-
ger gap between those decreasing and increasing in relative intensity in addition to male DG relative intensity 
increasing with age 1.59-fold more than those seen increasing in females. DG can be metabolised by bacteria, 
yeast, plants and animals. It is crucial for cell growth and development as it acts as a basis to which components 
can be added to synthesise complex lipids whilst also acting as a source of free fatty acids70. DG acts as a direct 
precursor for PC, PE, phosphatidic acid (PA) and TG and in doing so has a downstream effect on the production 
of phosphatidylinositol (PI) and cardiolipins70. Given the crucial role of DG, regulation is essential to maintain 
a permanent reservoir. During the ageing process, lipid dysregulation can occur, often exemplified by humans 
with the age-associated link to type 2 diabetes, dyslipidemia and altered lipid profiles seen in many cancers. It is 
possible that age-related dysregulation is occurring in D. magna resulting in the reservoir of DG not being utilised 
efficiently. If true, this may contribute to the majority of PE and PC lipids showing a decline in relative intensity 
with age across both sexes separately (Fig. 6a,b).

Cholestrol ester (ChE) is a neutral lipid that appears to decline in relative intensity with age in females yet 
increases in intensity with age in males. ChE is the inactive form of cholesterol and it is primarily used for trans-
port of cholesterol to organs or to act as a biologically inert storage of excess cholesterol by the addition of fatty 
acids to the hydroxyl group results in less polarity making the lipid ‘inert’71. In humans, free cholesterol is ester-
ified by lecithin:cholesterol acyltransferase (LCAT) to form high-density lipoprotein (HDL) particles. In turn, 
HDL particles can bind to hepatocytes to uptake ChE from HDL in to the liver where it can be hydrolysed by cho-
lesterol ester hydrolase to either be converted back to free cholesterol or turned into bile acids. Alternatively, ChE 
can be exchanged from HDL for TG which can influence composition, size and ultimately function of lipopro-
teins72. Currently there is limited information available about how cholesterol esters levels change during ageing 
or between sexes. However, the altered activity of LCAT and HDL levels have been widely investigated in associa-
tion with age-related diseases72–75. Furthermore, it has been demonstrated that high levels of SM inhibit the activ-
ity of LCAT. In humans, SM level is reportedly lower in males compared to females, exposing females to greater 
risk of LCAT suppression which could explain differences in the rate of age-associated diseases between sexes67. 
HDL particles have many positive effects such as anti-inflammatory, anti-oxidant, anti-apoptotic, anti-thrombotic 
and vasodilation72. If conversion of cholesterol to ChE is limited with ageing in female D. magna by altered 
HDL efficacy, it is possible that reduced HDL efficacy contributes to the observed increase in oxidative damage 
observed in female D. magna with age37. Given that some lipids are more prone to oxidative damage it is likely 
that the difference in lipid composition between male and female D. magna contributes to observed differences 
in age-related DNA damage. Lower HDL-Cholesterol in males has been reported to associate with lower SM con-
centrations compared to females, resulting in males having an increased cardiovascular risk67.

Genetically identical female and male D. magna show different rates of change in relative lipid 
intensities with age between sexes.  Changes in lipid composition as a function of sex and age interac-
tion was also investigated (Fig. 7). The neutral lipids TG and DG both show a stronger relationship with age in 
males compared to females. Given that the lifespan of a male Daphnia is half the lifespan of a female Daphnia37, 
it is plausible that the faster rate of change in certain lipids is to account for/contributes to the observed shorter 
lifespan in males. However, this idea does not hold true for glycerophospholipids PE and PC as they demonstrate 
a more balanced relationship between faster and slower rates of change in males compared to females, moderately 
biased towards slower rate. A slower rate of change in males based on age in days indicates a dramatically slower 
rate as a factor of proportional longevity. As previously discussed, the relative intensity of PE and PC largely 
decline with age. A slower rate of change in males indicates that this loss is occurring at a slower pace compared 
to females. Given that DG, a precursor to PE and PC, shows a much higher increase in relative intensity with age 
in males (1.59-fold more than females), it bodes well for the continued production of PE and PC from the DG 
reserve through-out the lifespan of a male Daphnia.

Sphingolipids SM and Cer show the opposite trend to neutral lipids, displaying a greater bias towards chang-
ing lipid intensity at a much slower rate in males compared to females. Sphingolipids have been linked to many 
functions and diseases influenced by the ageing process, including immune response, inflammation, cancer, met-
abolic and cardiovascular diseases and neurodegeneration. Ceramide induces cellular senescence, a mode of sus-
pended cell division which has positive tumour suppressor effects as well as negative impacts on cardiovascular 
system, metabolic and immune systems69. Senescence has been shown to contribute to ageing and may partially 
explain the association of sphingolipids with age-associated conditions. In humans, SM can be degraded to pro-
duce Cer and PC and reversely, PC and Cer can be utilised to produce SM and DG69. These interactions between 
various lipid groups create a complex and sensitive feedback loop constantly shifting and moderating in response 
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to lipid alterations. The interaction effect in male D. magna of SM and Cer is likely linked to alterations observed 
in DG and PC.

Finally, Fig. 8 highlights clustering of lipids altered in sex:age interaction is based largely on sex followed 
closely by age. The interaction of sex and age encapsulates approximately half of changes to lipid intensity 
observed in sex and age (Fig. 3a). To conclude, in this study we have demonstrated, for the first time, profound 
differences in the lipid composition of male and female Daphnia magna. We have also demonstrated marked 
shifts in lipid composition with age, indicating a possible relationship between Daphnia lipid composition and 
age-related processes.

Data availability
The datasets generated and analysed during the current study are available from the corresponding authors on 
reasonable request.

Received: 18 September 2019; Accepted: 24 February 2020;
Published: xx xx xxxx

References
	 1.	 Schroeder, E. A. & Brunet, A. Lipid Profiles and Signals for Long Life. Trends in endocrinology and metabolism: TEM 26, 589–592, 

https://doi.org/10.1016/j.tem.2015.08.007 (2015).
	 2.	 Kyle, J. E. et al. Uncovering biologically significant lipid isomers with liquid chromatography, ion mobility spectrometry and mass 

spectrometry. The Analyst 141, 1649–1659, https://doi.org/10.1039/c5an02062j (2016).
	 3.	 Mitrofanova, D. et al. Lipid metabolism and transport define longevity of the yeast Saccharomyces cerevisiae. Frontiers in Bioscience 

23, 1166–1194 (2018).
	 4.	 Wang, M. C., Rourke, E. J. & Ruvkun, G. Fat Metabolism Links Germline Stem Cells and Longevity in &lt;em&gt;C. elegans&lt;/

em&gt. Science 322, 957, https://doi.org/10.1126/science.1162011 (2008).
	 5.	 Stark, W. S., Lin, T.-N., Brackhahn, D., Christianson, J. S. & Sun, G. Y. Fatty acids in the lipids ofDrosophila heads: Effects of visual 

mutants, carotenoid deprivation and dietary fatty acids. Lipids 28, 345–350, https://doi.org/10.1007/BF02536321 (1993).
	 6.	 Hawcroft, D. M. & Martin, P. A. Studies on age related changes in the lipids of mouse liver microsomes. Mechanisms of Ageing and 

Development 3, 121–130, https://doi.org/10.1016/0047-6374(74)90010-4 (1974).
	 7.	 Rattray, J. B., Schibeci, A. & DK, K. Lipids of yeasts. Bacteriol Rev 39, 35 (1975).
	 8.	 Hansen, M., Flatt, T. & Aguilaniu, H. Reproduction, fat metabolism, and life span: what is the connection? Cell metabolism 17, 

10–19, https://doi.org/10.1016/j.cmet.2012.12.003 (2013).
	 9.	 Goodrick, C. L., Ingram, D. K., Reynolds, M. A., Freeman, J. R. & Cider, N. Effects of intermittent feeding upon body weight and 

lifespan in inbred mice: interaction of genotype and age. Mechanisms of Ageing and Development 55, 69–87, https://doi.
org/10.1016/0047-6374(90)90107-Q (1990).

	10.	 Weindruch, R. The Retardation of Aging by Caloric Restriction: Studies in Rodents and Primates. Toxicologic Pathology 24, 742–745, 
https://doi.org/10.1177/019262339602400618 (1996).

	11.	 Lakowski, B. & Hekimi, S. The genetics of caloric restriction in Caenorhabditis elegans. Proceedings of the National Academy of 
Sciences 95, 13091, doi:10.1073/pnas.95.22.13091 (1998).

	12.	 Masoro, E. J. Overview of caloric restriction and ageing. Mechanisms of Ageing and Development 126, 913–922, https://doi.
org/10.1016/j.mad.2005.03.012 (2005).

	13.	 Skorupa, D. A., Dervisefendic, A., Zwiener, J. & Pletcher, S. D. Dietary composition specifies consumption, obesity, and lifespan in 
Drosophila melanogaster. Aging cell 7, 478–490, https://doi.org/10.1111/j.1474-9726.2008.00400.x (2008).

	14.	 Li, G.-Y. & Zhang, Z.-Q. The sex- and duration-dependent effects of intermittent fasting on lifespan and reproduction of spider mite 
Tetranychus urticae. Frontiers in zoology 16, 10–10, https://doi.org/10.1186/s12983-019-0310-4 (2019).

	15.	 Bustos, V. & Partridge, L. Good Ol’ Fat: Links between Lipid Signaling and Longevity. Trends in biochemical sciences 42, 812–823, 
https://doi.org/10.1016/j.tibs.2017.07.001 (2017).

	16.	 Gonzalez-Covarrubias, V. et al. Lipidomics of familial longevity. Aging Cell 12, 426–434, https://doi.org/10.1111/acel.12064 (2013).
	17.	 Gonzalez-Covarrubias, V. Lipidomics in longevity and healthy aging. Biogerontology 14, 663–672, https://doi.org/10.1007/s10522-

013-9450-7 (2013).
	18.	 Egawa, J., Pearn, M. L., Lemkuil, B. P., Patel, P. M. & Head, B. P. Membrane lipid rafts and neurobiology: age-related changes in 

membrane lipids and loss of neuronal function. The Journal of Physiology 594, 4565–4579, https://doi.org/10.1113/JP270590 (2016).
	19.	 Murphy, S. A. & Nicolaou, A. Lipidomics applications in health, disease and nutrition research. Molecular Nutrition & Food Research 

57, 1336–1346, https://doi.org/10.1002/mnfr.201200863 (2013).
	20.	 Rhee, E. P. et al. Lipid profiling identifies a triacylglycerol signature of insulin resistance and improves diabetes prediction in 

humans. The Journal of Clinical Investigation 121, 1402–1411, https://doi.org/10.1172/JCI44442 (2011).
	21.	 Dutta, A. & Sharma-Walia, N. Curbing Lipids: Impacts ON Cancer and Viral Infection. International Journal of Molecular Sciences 

20, https://doi.org/10.3390/ijms20030644 (2019).
	22.	 Lofterød, T. et al. Impact of pre-diagnostic triglycerides and HDL-cholesterol on breast cancer recurrence and survival by breast 

cancer subtypes. BMC Cancer 18, 654, https://doi.org/10.1186/s12885-018-4568-2 (2018).
	23.	 Anand, K., Sudheer, A. & Chatterjee, K. Alteration in serum lipid profile pattern in oral cancer and oral submucous fibrosis patients. 

Journal of Indian Academy of Oral Medicine and Radiology 30, 38–40, https://doi.org/10.4103/jiaomr.jiaomr_88_17 (2018).
	24.	 Bosco, C. et al. Glucose, lipids and gamma-glutamyl transferase measured before prostate cancer diagnosis and secondly diagnosed 

primary tumours: a prospective study in the Swedish AMORIS cohort. BMC Cancer 18, 205, https://doi.org/10.1186/s12885-018-
4111-5 (2018).

	25.	 Austad, S. N. & Fischer, K. E. Sex Differences in Lifespan. Cell Metab 23, 1022–1033, https://doi.org/10.1016/j.cmet.2016.05.019 
(2016).

	26.	 Hulbert, A. J., Kelly, M. A. & Abbott, S. K. Polyunsaturated fats, membrane lipids and animal longevity. Journal of Comparative 
Physiology B 184, 149–166, https://doi.org/10.1007/s00360-013-0786-8 (2014).

	27.	 Parisi, M., Li, R. & Oliver, B. Lipid profiles of female and male Drosophila. BMC Research Notes 4, 198, https://doi.org/10.1186/1756-
0500-4-198 (2011).

	28.	 Wang, X., Magkos, F. & Mittendorfer, B. Sex differences in lipid and lipoprotein metabolism: it’s not just about sex hormones. The 
Journal of clinical endocrinology and metabolism 96, 885–893, https://doi.org/10.1210/jc.2010-2061 (2011).

	29.	 Mauvais-Jarvis, F. Sex differences in metabolic homeostasis, diabetes, and obesity. Biology of Sex Differences 6, 14, https://doi.
org/10.1186/s13293-015-0033-y (2015).

	30.	 Sales, S. et al. Gender, Contraceptives and Individual Metabolic Predisposition Shape a Healthy Plasma Lipidome. Scientific Reports 
6, 27710, https://doi.org/10.1038/srep27710, https://www.nature.com/articles/srep27710#supplementary-information (2016).

https://doi.org/10.1038/s41598-020-62476-z
https://doi.org/10.1016/j.tem.2015.08.007
https://doi.org/10.1039/c5an02062j
https://doi.org/10.1126/science.1162011
https://doi.org/10.1007/BF02536321
https://doi.org/10.1016/0047-6374(74)90010-4
https://doi.org/10.1016/j.cmet.2012.12.003
https://doi.org/10.1016/0047-6374(90)90107-Q
https://doi.org/10.1016/0047-6374(90)90107-Q
https://doi.org/10.1177/019262339602400618
https://doi.org/10.1016/j.mad.2005.03.012
https://doi.org/10.1016/j.mad.2005.03.012
https://doi.org/10.1111/j.1474-9726.2008.00400.x
https://doi.org/10.1186/s12983-019-0310-4
https://doi.org/10.1016/j.tibs.2017.07.001
https://doi.org/10.1111/acel.12064
https://doi.org/10.1007/s10522-013-9450-7
https://doi.org/10.1007/s10522-013-9450-7
https://doi.org/10.1113/JP270590
https://doi.org/10.1002/mnfr.201200863
https://doi.org/10.1172/JCI44442
https://doi.org/10.3390/ijms20030644
https://doi.org/10.1186/s12885-018-4568-2
https://doi.org/10.4103/jiaomr.jiaomr_88_17
https://doi.org/10.1186/s12885-018-4111-5
https://doi.org/10.1186/s12885-018-4111-5
https://doi.org/10.1016/j.cmet.2016.05.019
https://doi.org/10.1007/s00360-013-0786-8
https://doi.org/10.1186/1756-0500-4-198
https://doi.org/10.1186/1756-0500-4-198
https://doi.org/10.1210/jc.2010-2061
https://doi.org/10.1186/s13293-015-0033-y
https://doi.org/10.1186/s13293-015-0033-y
https://doi.org/10.1038/srep27710
https://www.nature.com/articles/srep27710#supplementary-information


1 4Scientific Reports |         (2020) 10:5576  | https://doi.org/10.1038/s41598-020-62476-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

	31.	 Tognini, S. et al. Age and Gender Substantially Influence the Relationship Between Thyroid Status and the Lipoprotein Profile: 
Results from a Large Cross-Sectional Study. Thyroid 22, 1096–1103, https://doi.org/10.1089/thy.2012.0013 (2012).

	32.	 Auro, K. et al. A metabolic view on menopause and ageing. Nature Communications 5, 4708, https://doi.org/10.1038/ncomms5708, 
https://www.nature.com/articles/ncomms5708#supplementary-information (2014).

	33.	 Anagnostis, P., Stevenson, J. C., Crook, D., Johnston, D. G. & Godsland, I. F. Effects of gender, age and menopausal status on serum 
apolipoprotein concentrations. Clinical Endocrinology 85, 733–740, https://doi.org/10.1111/cen.13085 (2016).

	34.	 Díaz, M., Fabelo, N., Ferrer, I. & Marín, R. “Lipid raft aging” in the human frontal cortex during nonpathological aging: gender 
influences and potential implications in Alzheimer’s disease. Neurobiology of Aging 67, 42–52, https://doi.org/10.1016/j.
neurobiolaging.2018.02.022 (2018).

	35.	 Gu, T. et al. Gender and Age Differences in Lipid Profile Among Chinese Adults in Nanjing: a Retrospective Study of Over 230,000 
Individuals from 2009 to 2015. Exp Clin Endocrinol Diabetes 126, https://doi.org/10.1055/s-0043-117417 (2018).

	36.	 Colbourne, J. K. et al. The Ecoresponsive Genome of Daphnia pulex. Science 331, 555 (2011).
	37.	 Constantinou, J., Sullivan, J. & Mirbahai, L. Ageing differently: Sex-dependent ageing rates in Daphnia magna. Experimental 

Gerontology 121, 33–45, https://doi.org/10.1016/j.exger.2019.03.008 (2019).
	38.	 Heckmann, L. H. et al. Expression of target and reference genes in Daphnia magna exposed to ibuprofen. BMC Genomics 7, 175, 

https://doi.org/10.1186/1471-2164-7-175 (2006).
	39.	 Athanasio, C. G., Chipman, J. K., Viant, M. R. & Mirbahai, L. Optimisation of DNA extraction from the crustacean Daphnia. PeerJ 

4, e2004, https://doi.org/10.7717/peerj.2004 (2016).
	40.	 Athanasio, C. G., Sommer, U., Viant, M. R., Chipman, J. K. & Mirbahai, L. Use of 5-azacytidine in a proof-of-concept study to 

evaluate the impact of pre-natal and post-natal exposures, as well as within generation persistent DNA methylation changes in 
Daphnia. Ecotoxicology https://doi.org/10.1007/s10646-018-1927-3 (2018).

	41.	 Kilham, S. S., Kreeger, D. A., Scott, S. G., Goulden, C. E. & Herrera, L. COMBO: A defined freshwater culture medium for algae and 
zooplankton. Hydrobiologia, 13 (1998).

	42.	 Đức, N. T. et al Chronic Effects Of Industrial Wastewater On Life History Traits Of Daphnia Magna Under The Laboratory 
Conditions. Vol. 2 (2016).

	43.	 Wu, H., Southam, A. D., Hines, A. & Viant, M. R. High-throughput tissue extraction protocol for NMR- and MS-based 
metabolomics. Analytical Biochemistry 372, 204–212, https://doi.org/10.1016/j.ab.2007.10.002 (2008).

	44.	 Mirbahai, L. et al. Disruption of DNA Methylation via S-Adenosylhomocysteine Is a Key Process in High Incidence Liver 
Carcinogenesis in Fish. Journal of Proteome Research 12, 2895–2904, https://doi.org/10.1021/pr400195u (2013).

	45.	 Dunn, W. B. et al. Procedures for large-scale metabolic profiling of serum and plasma using gas chromatography and liquid 
chromatography coupled to mass spectrometry. Nature Protocols 6, 1060–1083, https://doi.org/10.1038/nprot.2011.335 (2011).

	46.	 Dieterle, F., Ross, A., Schlotterbeck, G. & Senn, H. Probabilistic Quotient Normalization as Robust Method to Account for Dilution 
of Complex Biological Mixtures. Application in 1H NMR Metabonomics. Analytical Chemistry 78, 4281–4290, https://doi.
org/10.1021/ac051632c (2006).

	47.	 Fukunaga, K. & Hostetler, L. The estimation of the gradient of a density function, with applications in pattern recognition. IEEE 
Transactions on Information Theory 21, 32–40, https://doi.org/10.1109/TIT.1975.1055330 (1975).

	48.	 Wickham, H. ggplot2: elegant graphics for data analysis. (Springer, 2016).
	49.	 Ritchie, M. E. et al. limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic acids research 

43, e47–e47 (2015).
	50.	 Phipson, B., Lee, S., Majewski, I. J., Alexander, W. S. & Smyth, G. K. Robust Hyperparameter Estimation Protects Against 

Hypervariable Genes And Improves Power To Detect Differential Expression. The annals of applied statistics 10, 946–963, https://
doi.org/10.1214/16-AOAS920 (2016).

	51.	 Benjamini, Y. & Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. Journal 
of the Royal Statistical Society: Series B (Methodological) 57, 289–300, https://doi.org/10.1111/j.2517-6161.1995.tb02031.x (1995).

	52.	 Baars, A. et al. Sex differences in lipid metabolism are affected by presence of the gut microbiota. Scientific Reports 8, 13426, https://
doi.org/10.1038/s41598-018-31695-w (2018).

	53.	 Palmisano, B. T., Zhu, L., Eckel, R. H. & Stafford, J. M. Sex differences in lipid and lipoprotein metabolism. Molecular metabolism 15, 
45–55, https://doi.org/10.1016/j.molmet.2018.05.008 (2018).

	54.	 Zore, T., Palafox, M. & Reue, K. Sex differences in obesity, lipid metabolism, and inflammation—A role for the sex chromosomes? 
Molecular. Metabolism 15, 35–44, https://doi.org/10.1016/j.molmet.2018.04.003 (2018).

	55.	 Kashian, D. R. & Dodson, S. I. Effects of vertebrate hormones on development and sex determination in Daphnia magna. 
Environmental Toxicology and Chemistry 23, 1282–1288, https://doi.org/10.1897/03-372 (2004).

	56.	 Oda, S., Tatarazako, N., Watanabe, H., Morita, M. & Iguchi, T. Production of male neonates in Daphnia magna (Cladocera, 
Crustacea) exposed to juvenile hormones and their analogs. Chemosphere 61, 1168–1174, https://doi.org/10.1016/j.
chemosphere.2005.02.075 (2005).

	57.	 Toyota, K. et al. Molecular impact of juvenile hormone agonists on neonatal Daphnia magna. Journal of Applied Toxicology 34, 
537–544, https://doi.org/10.1002/jat.2922 (2014).

	58.	 Toyota, K. et al. Methyl farnesoate synthesis is necessary for the environmental sex determination in the water flea Daphnia pulex. 
Journal of Insect Physiology 80, 22–30, https://doi.org/10.1016/j.jinsphys.2015.02.002 (2015).

	59.	 Miyakawa, H., Sato, T., Song, Y., Tollefsen, K. E. & Iguchi, T. Ecdysteroid and juvenile hormone biosynthesis, receptors and their 
signaling in the freshwater microcrustacean Daphnia. The Journal of Steroid Biochemistry and Molecular Biology 184, 62–68, https://
doi.org/10.1016/j.jsbmb.2017.12.006 (2018).

	60.	 Ebert, D. Ecology, Epidemiology and Evolution of Parasitism in Daphnia. (2005).
	61.	 Calzada, E., Onguka, O. & Claypool, S. M. Phosphatidylethanolamine Metabolism in Health and Disease. International review of cell 

and molecular biology 321, 29–88, https://doi.org/10.1016/bs.ircmb.2015.10.001 (2016).
	62.	 Vance, J. E. & Tasseva, G. Formation and function of phosphatidylserine and phosphatidylethanolamine in mammalian cells. 

Biochimica et Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids 1831, 543–554, https://doi.org/10.1016/j.
bbalip.2012.08.016 (2013).

	63.	 Vance, D. E. Physiological roles of phosphatidylethanolamine N-methyltransferase. Biochimica et Biophysica Acta (BBA) - Molecular 
and Cell Biology of Lipids 1831, 626–632, https://doi.org/10.1016/j.bbalip.2012.07.017 (2013).

	64.	 Papsdorf, K. & Brunet, A. Linking Lipid Metabolism to Chromatin Regulation in Aging. Trends in Cell Biology 29, 97–116, https://
doi.org/10.1016/j.tcb.2018.09.004 (2019).

	65.	 Kawanishi, N. et al. Effects of aging on serum levels of lipid molecular species as determined by lipidomics analysis in Japanese men 
and women. Lipids in Health and Disease 17, 135, https://doi.org/10.1186/s12944-018-0785-6 (2018).

	66.	 Bergan, J. et al. The ether lipid precursor hexadecylglycerol causes major changes in the lipidome of HEp-2 cells. PloS one 8, 
e75904–e75904, https://doi.org/10.1371/journal.pone.0075904 (2013).

	67.	 Rauschert, S. et al. Sex differences in the association of phospholipids with components of the metabolic syndrome in young adults. 
Biology of sex differences 8, 10–10, https://doi.org/10.1186/s13293-017-0131-0 (2017).

	68.	 Hannun, Y. A. & Obeid, L. M. Principles of bioactive lipid signalling: lessons from sphingolipids. Nature Reviews Molecular Cell 
Biology 9, 139, https://doi.org/10.1038/nrm2329 (2008).

https://doi.org/10.1038/s41598-020-62476-z
https://doi.org/10.1089/thy.2012.0013
https://doi.org/10.1038/ncomms5708
https://www.nature.com/articles/ncomms5708#supplementary-information
https://doi.org/10.1111/cen.13085
https://doi.org/10.1016/j.neurobiolaging.2018.02.022
https://doi.org/10.1016/j.neurobiolaging.2018.02.022
https://doi.org/10.1055/s-0043-117417
https://doi.org/10.1016/j.exger.2019.03.008
https://doi.org/10.1186/1471-2164-7-175
https://doi.org/10.7717/peerj.2004
https://doi.org/10.1007/s10646-018-1927-3
https://doi.org/10.1016/j.ab.2007.10.002
https://doi.org/10.1021/pr400195u
https://doi.org/10.1038/nprot.2011.335
https://doi.org/10.1021/ac051632c
https://doi.org/10.1021/ac051632c
https://doi.org/10.1109/TIT.1975.1055330
https://doi.org/10.1214/16-AOAS920
https://doi.org/10.1214/16-AOAS920
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1038/s41598-018-31695-w
https://doi.org/10.1038/s41598-018-31695-w
https://doi.org/10.1016/j.molmet.2018.05.008
https://doi.org/10.1016/j.molmet.2018.04.003
https://doi.org/10.1897/03-372
https://doi.org/10.1016/j.chemosphere.2005.02.075
https://doi.org/10.1016/j.chemosphere.2005.02.075
https://doi.org/10.1002/jat.2922
https://doi.org/10.1016/j.jinsphys.2015.02.002
https://doi.org/10.1016/j.jsbmb.2017.12.006
https://doi.org/10.1016/j.jsbmb.2017.12.006
https://doi.org/10.1016/bs.ircmb.2015.10.001
https://doi.org/10.1016/j.bbalip.2012.08.016
https://doi.org/10.1016/j.bbalip.2012.08.016
https://doi.org/10.1016/j.bbalip.2012.07.017
https://doi.org/10.1016/j.tcb.2018.09.004
https://doi.org/10.1016/j.tcb.2018.09.004
https://doi.org/10.1186/s12944-018-0785-6
https://doi.org/10.1371/journal.pone.0075904
https://doi.org/10.1186/s13293-017-0131-0
https://doi.org/10.1038/nrm2329


1 5Scientific Reports |         (2020) 10:5576  | https://doi.org/10.1038/s41598-020-62476-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

	69.	 Trayssac, M., Hannun, Y. A. & Obeid, L. M. Role of sphingolipids in senescence: implication in aging and age-related diseases. The 
Journal of Clinical Investigation 128, 2702–2712, https://doi.org/10.1172/JCI97949 (2018).

	70.	 Carrasco, S. & Mérida, I. Diacylglycerol, when simplicity becomes complex. Trends in Biochemical Sciences 32, 27–36, https://doi.
org/10.1016/j.tibs.2006.11.004 (2007).

	71.	 Christie, W. W. Sterols: 1. Cholesterol and Cholesterol Esters, http://lipidhome.co.uk/lipids/simple/cholest/index.htm (2019).
	72.	 Talbot, C. P. J., Plat, J., Ritsch, A. & Mensink, R. P. Determinants of cholesterol efflux capacity in humans. Progress in Lipid Research 

69, 21–32, https://doi.org/10.1016/j.plipres.2017.12.001 (2018).
	73.	 Tanaka, S.-i, Fujioka, Y., Tsujino, T., Ishida, T. & Hirata, K.-i Impact of serum cholesterol esterification rates on the development of 

diabetes mellitus in a general population. Lipids in Health and Disease 17, 180, https://doi.org/10.1186/s12944-018-0822-5 (2018).
	74.	 Gerl, M. J. et al. Cholesterol is Inefficiently Converted to Cholesteryl Esters in the Blood of Cardiovascular Disease Patients. Scientific 

Reports 8, 14764, https://doi.org/10.1038/s41598-018-33116-4 (2018).
	75.	 Button, E. B. et al. HDL from an Alzheimer’s disease perspective. Current Opinion in Lipidology 30 (2019).
	76.	 Slotte, J. P. Biological functions of sphingomyelins. Progress in Lipid Research 52, 424–437, https://doi.org/10.1016/j.

plipres.2013.05.001 (2013).
	77.	 Lampe, M. A. et al. Human stratum corneum lipids: characterization and regional variations. Journal of lipid research 24, 120–130 

(1983).
	78.	 Flier, J. S. The adipocyte: storage depot or node on the energy information superhighway? Cell 80, 15–18 (1995).

Acknowledgements
This work was supported by the Fund for the Replacement of Animals in Medical Experiments (FRAME; 
FRA101) and the University of Birmingham Fellowship Award awarded to Dr. Mirbahai. We thank David Peake 
and Thermo Fisher Scientific for advice on using LipidSearch as part of the Thermo Fisher Scientific – University 
of Birmingham Technology Alliance Partnership.

Author contributions
J.K.C. conducted and designed the experiments as well as drafted the manuscript. A.S. performed the LC/MS 
and executed LipidSearch to produce positive ion mode and negative ion mode data matrices and aided with 
experimental design. J.K. provided detailed guidance for bioinformatic analysis. M.J. provided support for LC/
MS. M.V. provided lipidomics guidance. L.M. designed the experiments and contributed to the writing of the 
manuscript. All authors have reviewed and edited the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-62476-z.
Correspondence and requests for materials should be addressed to J.K.C. or L.M.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-62476-z
https://doi.org/10.1172/JCI97949
https://doi.org/10.1016/j.tibs.2006.11.004
https://doi.org/10.1016/j.tibs.2006.11.004
http://lipidhome.co.uk/lipids/simple/cholest/index.htm
https://doi.org/10.1016/j.plipres.2017.12.001
https://doi.org/10.1186/s12944-018-0822-5
https://doi.org/10.1038/s41598-018-33116-4
https://doi.org/10.1016/j.plipres.2013.05.001
https://doi.org/10.1016/j.plipres.2013.05.001
https://doi.org/10.1038/s41598-020-62476-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Characterisation of the dynamic nature of lipids throughout the lifespan of genetically identical female and male Daphnia m ...
	Experimental Procedures

	Daphnia magna stocks and maintenance. 
	Chemical-induction of genetically identical male D. magna BHAM 2. 
	Sample collection. 
	Sample preparation for lipidomics analysis. 
	Sample resuspension for ultra-high performance liquid chromatography mass spectrometry (UHPLC-MS) lipidomics. 
	UHPLC-MS/MS lipidomics. 
	Data analysis and lipid annotation. 

	Results

	Age and sex influences lipid profile in D. magna. 
	Overview of changes in lipidomics of male and female D. magna as a function of age and sex. 
	Age-dependent changes in lipid profile of female and male D. magna. 
	Accumulative change in the levels of lipids in female and male D. magna with age. 
	Sex:age interaction. 

	Discussion

	Genetically identical female and male D. magna show distinct lipid profiles based on sex. 
	Genetically identical female and male D. magna show divergence of lipidome as a function of age. 
	Genetically identical female and male D. magna show different rates of change in relative lipid intensities with age betwee ...

	Acknowledgements

	Figure 1 Sample collection details for female and male D.
	Figure 2 Principal component analysis of normalised positive and negative ionisation mode lipidomics data for male and female Daphnia magna demonstrated as percentage of lifespan.
	Figure 3 The Venn diagram represents an overview of the number of lipids with significant change in their relative intensity between categories of sex, age and sex:age interaction, and ageing in males and females in D.
	Figure 4 Differences in lipid class between male and female D.
	Figure 5 Venn diagram of lipids statistically-significantly changing lipid intensity with age between increment age groups compared to youngest age group for each gender.
	Figure 6 Directional change of lipid levels significantly changing in (a) female and (b) male D.
	Figure 7 Lipid class changes in sex:age interaction in male and female D.
	Figure 8 Heatmap of lipid changes with sex:age interaction.
	Table 1 Top 10 lipids with most significantly changing relative intensity in sex:age interaction plus response of the same lipids in sex, ageing in females only and ageing in males only.
	Table 2 Biological function of lipid classes included in Table 1.




