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Abstract

Background: Trophic interactions are a fundamental aspect of ecosystem functioning, but often difficult to observe
directly. Several indirect techniques, such as fatty acid analysis, were developed to assess these interactions. Fatty
acid profiles may indicate dietary differences, while individual fatty acids can be used as biomarkers. Ants
are among the most important terrestrial animal groups, but little is known about their lipid metabolism,
and no study so far used fatty acids to study their trophic ecology. We set up a feeding experiment with
high- and low-fat food to elucidate patterns and dynamics of neutral lipid fatty acids (NLFAs) assimilation
in ants. We asked whether dietary fatty acids are assimilated through direct trophic transfer, how diet
influences NLFA total amounts and patterns over time, and whether these assimilation processes are similar
across species and life stages.

Results: Ants fed with high-fat food quickly accumulated specific dietary fatty acids (C18:2n6, C18:3n3 and
C18:3n6), compared to ants fed with low-fat food. Dietary fat content did not affect total body fat of workers or amounts
of fatty acids extensively biosynthesized by animals (C16:0, C18:0, C18:1n9). Larval development had a strong effect on the
composition and amounts of C16:0, C18:0 and C18:1n9. NLFA compositions reflected dietary differences, which became
more pronounced over time. Assimilation of specific dietary NLFAs was similar regardless of species or life stage, but
these factors affected dynamics of other NLFAs, composition and total fat.

Conclusions: We showed that ants accumulated certain dietary fatty acids via direct trophic transfer. Fat content of the
diet had no effect on lipids stored by ants, which were able to synthesize high amounts of NLFAs from a sugar-based
diet. Nevertheless, dietary NLFAs had a strong effect on metabolic dynamics and profiles. Fatty acids are a useful tool to
study trophic biology of ants, and could be applied in an ecological context, although factors that affect NLFA patterns
should be taken into account. Further studies should address which NLFAs can be used as biomarkers in natural ant
communities, and how factors other than diet affect fatty acid dynamics and composition of species with
distinct life histories.
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Background

Trophic interactions play a central role in ecosystem
processes, shaping complex food webs with multiple
paths and levels [1]. The complexity of interactions
within communities, however, makes it difficult to assess
their nature and long-term outcome solely by field ob-
servations. Several complementary approaches were de-
veloped to address this issue, such as fatty acid analysis
[2]. Fatty acids have been used to study trophic ecology
of organisms in aquatic and terrestrial ecosystems [3, 4].
Variation in fatty acid profiles can answer basic ques-
tions about spatial and temporal variation in diets, as
well as niche partitioning among species [3, 5, 6]. Also,
fatty acids could be used as biomarkers, indicating quali-
tative and quantitative trophic relationships between or-
ganisms [7, 8]. Many recent studies using fatty acid
analysis in terrestrial organisms focused on detritivores,
such as Collembola and Nematoda [7, 9-14], which
established the technique as a useful tool to analyze their
feeding interactions in soil food webs [5, 15-17]. How-
ever, fatty acid patterns and dynamics depend on an or-
ganism’s physiology and composition of its natural diet,
which are variable among taxonomic groups. Therefore,
basic information on lipid metabolism is needed before
the application of fatty acid analyses to study trophic re-
lations of a given animal group.

Ants (Hymenoptera: Formicidae) are among the most
abundant groups of invertebrates in terrestrial ecosys-
tems, with a wide variety of feeding habits, nesting sites,
and interactions with organisms from all trophic levels
[18]. Many ant species have a cryptic behavior, which is
difficult to study directly (e.g., living underground, inside
the leaf-litter or in tree canopies). Moreover, in diverse
ecosystems, dozens of species can coexist simultaneously
in a given stratum [19]. Thus, complementary tech-
niques are needed to study their trophic ecology. Stable
isotopes, for instance, have been extensively used to ad-
dress many questions in ant ecology [20-22]. The appli-
cation of DNA barcoding, another modern technique, is
still incipient for ants [23—-25]. Surprisingly, no study so
far tested the applicability of fatty acids to understand
trophic ecology of ants.

Ants in general are regarded as omnivorous, feeding
on a combination of living prey, dead arthropods, seeds
and plant exudates. Less common are specialized feeding
habits such as fungus cultivation and predation exclu-
sively upon certain arthropod groups, as well as use of
unusual resources such as pollen, animal excrements or
mushrooms [18, 26-29]. Fatty acids from the diet could
be incorporated without modification (i.e. through direct
trophic transfer), or actively modified in response to en-
vironmental factors and physiological needs [4, 30, 31].
Many ant species primarily feed on sugars usually ob-
tained from floral and extra-floral nectar or honeydew
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[32]. Like all higher organisms, they can synthesize a set
of fatty acids from carbohydrates via a decarboxylative
Claisen condensation [33]. Fatty acids are mainly stored
as neutral lipid fatty acids (NLFAs), which mostly consist
of triglycerides, the principal component of the insect fat
body [30, 34]. The biosynthesis of saturated palmitic
(C16:0) and stearic acids (C18:0) and monounsaturated
oleic acid (C18:1n9) seems to be widespread among in-
sects, and correspondingly these fatty acids are the most
abundant in their bodies [30]. On the other hand, the
ability to synthesize polyunsaturated fatty acids, such as
linoleic acid (C18:2n6), is highly variable among species
[35, 36]. However, the details of these physiological pro-
cesses in ants are poorly understood, and there are no
studies specifically addressing dynamics of dietary fatty
acids assimilation in this important insect group. Know-
ing which fatty acids can be unambiguously related to
food sources, and how well the overall fat composition
of ants reflects their diet after any metabolic modifica-
tion, are crucial steps to apply fatty acid analysis in an
ecological context.

Considering the potential use of fatty acids to under-
stand trophic relations, and the lack of information
about lipid metabolism in ants, we aim to elucidate pat-
terns and dynamics of neutral lipid fatty acids in ants.
We provided ants with high- and low-fat food in a no-
choice feeding experiment, and compared the fatty acid
profiles of ant workers and larvae over a period of 8
weeks. We specifically ask: (1) whether NLFA amounts
and compositions are affected by a high- and a low-fat
diet; (2) whether dietary fatty acids are accumulated in
the ants’ body via direct trophic transfer; (3) how dietary
fatty acids shape NLFA patterns over time; (4) whether
these patterns and dynamics are the same in different
species and life stages.

Methods

Studied species

The experiment was performed with colonies reared in
the laboratory, during November and December 2016. We
chose two species, common and widespread in the North-
ern hemisphere, which represent the largest Formicidae
subfamilies: Formica fusca Linnaeus 1758 (Formicinae)
and Myrmica rubra Linnaeus 1758 (Myrmicinae). Both
have in nature a similar and generalized diet of living and
dead arthropods, nectar and honeydew [37, 38], and can
thus be reared in the laboratory with a single artificial diet.
Six colonies of each species were purchased from Antstore
(Berlin, Germany) where ants were fed on an unstandard-
ized diet of honey and dead flies. All colonies had one
queen and between 9 and 12 (F. fusca) and 15-20 (M.
rubra) workers. Colonies of M. rubra were reproductive
during the whole experiment, with lower numbers of eggs
and larvae towards the end. For F. fusca, larvae were only
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observed in two colonies in the last week of the experi-
ment. Colonies were kept at a constant temperature of
25 °C and provided three times per week with water and
food ad libitum.

Low- and high-fat treatments

Three colonies of each species received a low-fat treat-
ment, whereas the remaining three received a high-fat
treatment. As low-fat food we used a standardized re-
cipe, suitable for breeding several ant species [39]. It
contained 5 g agar, 1 g table salt (NaCl), 1 g vitamin-
mineral mix powder (Altapharma, Burgwedel, Germany),
62 ml honey and 1 chicken egg homogenized in 500 ml
hot water. The high-fat food followed the same recipe,
with addition of 60 ml linseed oil (organic quality, Alna-
tura, Bickenbach, Germany). The mixture was stirred
until it was cool and solid, to avoid separation of the
aqueous and fatty phases. Both food mixtures were
stored in a freezer at —-20 °C until use, and food samples
were taken for chemical analysis.

Experimental design

Before beginning the feeding experiment, we collected
one worker per colony for fatty acid analysis (= week 0).
Workers were chosen randomly from inside and outside
the nest (a glass vial kept inside a plastic box). In
addition, one larva of M. rubra was collected per colony.
After starting to apply the treatments, we sampled one
worker and one larva in the same way, every week for 8
weeks. Larva sample sizes were smaller from week 5 on-
wards, because some colonies were not reproductive
anymore. In the last week, we also collected the queens
for analysis (6 F. fusca and 5 M. rubra, since one queen
died at the beginning of the experiment). All samples
were immediately frozen at —20 °C until extraction.

Fatty acid analysis

Total lipids were extracted from the ants using 1 ml of a
chloroform:methanol mixture, 2:1 (v/v) over a period of
24 h [40, 41]. Ants were directly refrozen after extraction
and subsequently dried for 48 h at 50 °C and weighed
with a microbalance (Mettler Toledo, XS3DU, Colum-
bus, USA). The extracts were purified and separated ac-
cording to the method described by Frostegird et al.
[42]. SiOH-columns (Chromabond®) were washed and
conditioned with 6 ml hexane. Subsequently, samples
were applied on the column and elution of NLFAs (=
mono-, di-, and triglycerides) was accomplished with
4 ml chloroform.

The chloroform fractions were evaporated to dryness
under gentle nitrogen gas flow and residuals were redis-
solved in different concentrations of dichloromethane:-
methanol 2:1 (v/v) to adjust the samples to comparable
concentration ranges: 1 ml for F. fusca queens and food
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samples, 350 pl for workers of both species and M.
rubra queens, and 50 pl for larvae. 50 ul aliquots (10 pl
for high-fat food) were transferred to new glass vials
with a conical inlet (150 pl) and 20 pl of internal stand-
ard (C19:0 in methanol; p; = 220 ng/pl) were added.
Samples were evaporated to dryness again, and finally
derivatized to fatty acid methyl esters (FAMEs) with
20 pul TMSH (trimethylsulfonium hydroxide; 0.25 M in
MeOH from Fluka, Sigma-Aldrich, St. Louis, USA).

FAME samples of NLFAs were analyzed with a
QP2010 Ultra GC/MS (Shimadzu, Duisburg, Germany).
The gas chromatograph (GC) was equipped with a ZB-
5MS fused silica capillary column (30 m x 0.25 mm ID,
df = 025 pm) from Phenomenex (Aschaffenburg,
Germany). Sample aliquots of 1 ul were injected by
using an AOC-20i autosampler-system from Shimadzu
into a PTV-split/splitless-injector (Optic 4, ATAS GL,
Eindhoven, Netherlands), which operated in splitless-
mode. Injection-temperature was programmed from ini-
tial 70 °C up to 300 °C and then an isothermal hold for
59 min, sampling-time was set to 3 min and hydrogen
was used as carrier-gas with a constant flow rate of
1.3 ml/min. The temperature of the GC oven was raised
from initial 60 °C for 1 min, to 150 °C with a heating-
rate of 15 °C/min, to 260 °C with a heating-rate of 3 °C/
min, to 320 °C with a heating-rate of 10 °C/min and then
an isothermal hold at 320 °C for 10 min. Electron
ionization mass spectra were recorded at 70 eV from
m/z 40 to 650. The transfer line and ion source were
kept at 250 °C.

Methyl esters of the NLFAs were identified by compar-
ing gas chromatographic retention times and m/z frag-
mentation patterns with those of the Supelco® 37
Component FAME Mix standard and the Bacterial Acid
Methyl Ester (BAME) Mix standards as commercially
available fatty acids (all Sigma-Aldrich) and published
literature data [31, 43, 44]. The identity of y-linolenic
acid was additionally confirmed by an iodine catalyzed
dimethyl disulfide derivatization [45].

A technical problem during analysis resulted in the
loss of a batch of samples. Therefore, we have no data of
week 3 for M. rubra larvae, week 4 for M. rubra workers
and week 5 for F. fusca.

Data analysis

In general we used two approaches to analyse our
data: (1) linear mixed-effect models (LMM) to assess
the trophic transfer of certain fatty acids; and (2)
multivariate compositional data analysis to describe
total NLFA patterns. Only fatty acids with >1% com-
position were included in our analyses. Queens were
not statistically analyzed, since they were sampled
just at the end of the experiment.
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We used the absolute amount of NLFAs [ug] standard-
ized by dry weight for ants or fresh weight for food [mg],
thus reflecting the relative amounts of NLFAs in compari-
son to non-lipid components [pg/mg]. We additionally
ran the analyses with absolute amounts and dry weight as
a cofactor, and results were identical for workers, but dif-
ferent for larvae, due to their distinct dynamics (see S1 in
Additional file 1, and results for larvae).

At first, we correlated the relative amounts of all
NLFAs combined (= total NLFAs) with dry weights of
larvae and workers of both species using Spearman’s
rank correlation. For adults, body weight reflects size
polymorphism among workers. For larvae, body weight
is a better indicator of larval development than the week
of sampling, because queens lay eggs continuously dur-
ing the reproductive time. Dry weights for workers did
not differ between treatments and over time, while larval
dry weight increased over time (see S2 in Additional
file 1). Since time and size were correlated for larvae
(ps = 0.63, p < 0.001), we ran separated LMMs for
each factor, with dry weight normalized by square-
root transformation.

We statistically tested relative amounts of total NLFAs
and of the three most abundant fatty acids (C16:0,
C18:0, C18:1n9). We also tested a specific dietary NLFA
(C18:2n6), which occurred in higher concentration in
the high-fat diet, and was not conspicuously synthesized
by the ants. We did not test the amounts of the other
two specific dietary NLFAs (C18:3n3 and C18:3n6) and
show their results only in plots, because both were al-
ways zero in the low-fat treatment and non-zero in the
high-fat treatment. Remaining NLFAs that occurred only
in very small amounts in ants and food and were not
tested either.

Effects on relative amounts were tested with linear
mixed-effect models (command Ime) as implemented in
the R package “nlme” [46] with feeding treatment and
time as fixed factors and colony ID as random factor for
each species separately. We checked for the normal dis-
tribution of the residuals and the homogeneity of vari-
ance prior to the analyses and transformed the data if
necessary (see S3 in Additional file 1 for data transform-
ation). We further investigated the total NLFA amount
in M. rubra workers and larvae using a LMM with the
same structure as before, but including life stage as a
further fixed factor. The difference between workers and
larvae was analyzed with a simultaneous test for general
linear hypothesis using Tukey pairwise contrasts (pack-
age “multcomp”; [47]) of the previous LMM.

We furthermore analyzed whether the overall NLFA
composition (i.e. percentages of all fatty acids) of F. fusca,
M. rubra workers and M. rubra larvae changed in the
different treatments over time. We tested Bray-Curtis
similarities (BCS) based on compositional data using
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permutational multivariate analysis of variance (PERMA-
NOVA; [48]) for each species separately. Overall 10,000
permutations were performed with feeding treatment and
time as fixed factors and colony ID as random factor. We
checked the multivariate homogeneity of group disper-
sions before with a multivariate Levene’s test (PERMDISP;
all p values >0.1; [49]). These analyses were performed
with PRIMER 7.0.12 [50].

Finally, NLFA compositional data were ordinated using
principal component analyses (PCA) and according PCA
biplots. We compared the differences of the overall
NLFA composition in F. fusca and M. rubra who re-
ceived the high-fat diet during the experimental time.
We used the centered log-ratio transformation after re-
placing zero values to deal with the constant sum con-
straint of compositional data and make it suitable for
PCA (R packages “zCompositions” and “compositions”
[51, 52]). PCA biplots were constructed by plotting fac-
tor loadings of compounds that significantly contributed
(p < 0.01) to the group separation onto the PCA scatter
plots using the R package “vegan” [53]. For a detailed R
script of this analysis, see [54]. LMMs and PCAs were
performed with R version 3.3.1 [55].

Results

Fatty acid profiles of food and ants

The neutral lipid fatty acid (NLFA) profiles of ants and
their food are summarized in Table 1 (for full dataset
and value ranges, see Additional file 2). The high-fat
food had about 40 times more total concentration of
NLFAs than the low-fat food. The main component of
the high-fat food was C18:3n3, but it also had notably
higher amounts of C16:0, 18:0 and C18:2n6. Besides, it
contained C:18:3n6, which was entirely absent from the
low-fat food.

C16:0, C18:0 and C18:1n9 were the main fatty acids in
ants (Table 1). C18:1n9 was the main component in all ex-
perimental workers and queens. On the other hand, larvae
had comparatively high levels of C16:0 and C18:0. Ants
from the high-fat treatment exhibited higher amounts of
C18:2n6, and were the only ones with detectable levels of
C18:3n3 and C18:3n6. Queens had less total NLFAs than
workers. Samples were variable, thus the profiles in
Table 1 do not exactly reflect temporal and treatment
differences (particularly for the highly variable larvae);
these effects are analyzed below.

Dynamics of total and individual NLFA amounts

For F. fusca, there was no difference between treatments
in the total amount of NLFAs (Fig. 1a, Table 2). C16:0,
C18:0, C18:1n9 and total NLFAs increased over time,
but with no treatment effect (Fig. 1b-c, Table 2). On the
other hand, we observed an increasingly higher amount
of C18:2n6 in the high-fat treatment, while it remained
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Table 1 - Fatty acid profiles of food and ants at the beginning and end of the experiment

Formica fusca Myrmica rubra Myrmica rubra larvae Food
NLFA Week 0 Week 8 Queens Week 0 Week 8 Queens Week 0 Week 8

+ - + - + - + + - + - + - + - +
C120 0.1 0.1 0.1 0.1 0.1 0.1 0.6 04 0.2 03 01 02 39 24 04 1.0 t t
lauric ® ® (® ® ® ® ® (® ® (® m o ® ® ® ® ®
C14:0 0.5 03 0.3 0.6 0.1 03 1.9 1.6 0.6 0.5 01 04 88 50 1.2 2.7 t t
mystric (®) (® (t) (® (t) (® m (t) m M m o O m m m (t) (®
C16:0 500 406 952 1298 255 305 557 540 231 313 30 103 5327 3971 489  50.1 9.2 0.8
palmitic (25 (5 (2 @8 an (8 (18 (18) (320 (0 o a7 (5% (59 (33 25 32
C16:1n9 4.1 0.9 26 4.6 09 24 6.7 26 1.1 1.8 0.1 16 113 2.7 12 8.1 0.1 t
palmitotelic (1) (®) ® m (®) m @ m M m m & O (t) m ) (®) M
C180 16 114 265 223 72 53 13.1 174 76 7.7 1.7 13 2422 2092 298 234 66 0.1
stearic (10 (2 Q3 ©)] @) ©)] ©) ©) a5 a3 05 @ (29 G @0 (12 © )
C181n9 2847 2246 5237 5703 1514 1354 2735 2517 800 1292 44 461 2026 515 394 1122 18 15
oleic ©4) (62 7)) (78 (66 (77) (74 (74)  48) (55) (26) (76) (19) (8) 27) (56 2 (59)
C182n6 04 04 4.2 0.2 30 0.5 13 1.6 24 03 1.1 04 32 2.1 34 13 53 0.1
linoleic (® ® M ® m ® m Q) @ ® @ 0 ® @) m ) @
C183n3 0 0 1388 0 308 O 0 0 39 0 310 0 0 20 0 809 t
ainolenic () ©) a7 © a4 © ©) ©) @ ©) (18 © () ©) a4 © 72 M
C18:3n6 0 0 225 0 91 0 0 0 1.3 0 09 0 0 0 1.7 0 89 0
y-linolenic ~ (0) ©) ©) ©) ) ©) ©) ©) m ©) G O (0 ©) M ©) ®) ©)
C20:0 0.1 0.1 0.1 0.1 0.1 0 0.2 0.2 0.1 0.1 0.1 0.1 0.7 0.6 0.2 0.1 t t
arachidic ® ® ® ® ® ® ® ® ® ® ©® O © ® ® ® ® ®
Total 3603 2784 8139 7280 2280 1745 3531 3297 1203 1712 145 603 10055 6706 1463 1989 1128 26
Sample size 3 3 3 3 3 3 3 3 3 3 2 3 3 3 1 1 3 2

Average amounts are given in ug of NLFA/mg of dry weight (fresh weight for food). Values in brackets are average percentages of the total composition of NLFAs
per sample. +: high-fat treatment; —: low-fat treatment; t: detected in trace amount (less than 0.1 pg/mg or 1% of composition)

small in the low-fat treatment (Fig. 1d, Table 2). Simi-
larly, C18:3n3 and C18:3n6 increased remarkably in
the high-fat treatment, but were never recorded in
the low-fat treatment (Figs. le-f). Formica fusca pre-
sented considerable polymorphism (coefficient of vari-
ation [= CV] of dry weights = 41%), but there was no
correlation between body size and total NLFA amount
(ps = —0.06, p = 0.66).

For M. rubra, the amounts of C18:2n6, C18:3n3 and
C18:3n6 also increased in the high-fat treatment, and
the last two NLFAs were completely absent in the low-
fat treatment (Fig. 2d-f, Table 2). No time effect was ob-
served for C18:2n6 in this species. There was no treat-
ment effect in C16:0, C18:0, C18:1n9 and total NLFAs,
but, opposite to F. fusca, we observed an overall de-
crease over time (Figs. 2a-b, Table 2). Myrmica rubra
workers varied less in size (CV of dry weights = 17%)
and, again, no correlation was found between body size
and total NLFA amount (ps = 0.19, p = 0.19).

Myrmica rubra larvae presented more complex dynam-
ics, because they were influenced both by experimental
time effect and their developmental stage. Nevertheless,
since these variables were correlated, LMM results were
similar, except for C18:1n9 (Table 2). The increasing
trends for C18:2n6, C18:3n3 and C18:3n6 were the same

as in workers (Fig. 3d-f, Table 2). Total NLFAs also de-
creased with time (Fig. 3b, Table 2), but in a higher rate
than in workers (Tukey pairwise contrasts, z = 4.70,
p < 0.001, for full model see S4 in Additional file 1). Lar-
vae from the high-fat treatment had more total NLFAs
and C18:1n9 overall during the experiment (Figs. 3a-c,
Table 2 [A]). However, as larvae increased in dry weight,
C18:1n9 actually was higher in the low-fat treatment com-
pared to the high-fat treatment (Table 2 [B]). There was a
strong negative correlation between larval dry weight and
relative NLFA amount (Fig. 4; Table 2 [B], ps = -0.72,
p < 0.001). The absolute amount of fat slightly increased
with body size, but did not follow the growth in other
body components, which resulted in lower concentration
of NLFAs in larger and older larvae (Fig. 4). This decrease
was mostly due to a decline on saturated fatty acids
(C16:0 and C18:0, Table 2, see S5 in Additional file 1).
Therefore, young larvae had relatively large fat storages
and high ratios of saturated:unsaturated fatty acids, which
both decreased during development.

Dynamics of overall fatty acid composition

The overall NLFA composition of the ants changed
over time (Table 3). Treatment and time affected the
composition of F. fusca and M. rubra larvae. For M.
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rubra workers, no effect was found. However, this
could be understood when the profile change of the
high-fat colonies was analyzed with PCA (Fig. 5). For
both species, we noticed a shift in composition over
time, mainly driven by the dietary fatty acids. For F.
fusca, C18:2n6, C18:3n3 and C18:3n6 altogether had a
statistically significant effect on this shift. For M.
rubra, only C18:3n3 (the main dietary fatty acid) had a

significant effect. The samples from week 8 were par-
ticularly odd, showing small proportions of C18:3n3
and C18:1n9 and relatively high proportions of C16:0
and C18:0. One individual from each treatment had
unusually low amounts of total fat and oleic acid
(below 20 pug/mg and 10% of composition, respectively;
see Additional file 2), which added significant varia-
tion to the results. When week 8 was removed from
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the PERMANOVA, the treatment effect was notice-
able (Table 3).

Discussion

Fatty acid profiles of ants

Several factors influence the fatty acid composition of
insects, such as flying activity, life stage, growth, re-
productive status, environmental temperature, and diet
[4, 30, 56]. Due to this complexity, Stanley-Samuelson
et al. [30] argued against a “typical” insect profile, and

indeed a high variation is found among orders, families,
and species [56, 57]. Just a few ant profiles are available
in literature: Myrmica incompleta Provancher, 1881
(worker and pupae; [58]), Lasius claviger (Roger, 1862)
(only pupae; [59]), Myrmica rubra (only the free fatty
acid fraction from head extracts; [60, 61]) and Polyrha-
chis dives Smith, 1857 (sun-dried workers cultivated as
food; [62]). These fatty acid profiles are not entirely
comparable due to the multitude of goals and methods,
but, together with our results, they indicate C18:1n9 as
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the predominant NLFA in ant bodies, followed by
C16:0 and C18:0. High levels of C18:1n9 are standard
for Hymenoptera, but the abundance of other fatty
acids varies within the order [56].

Dynamics of individual NLFAs and overall composition
Some fatty acids are extensively synthesized de novo by
animals, while others are produced in small amounts,

or only by certain taxa [30, 36]. In our experiment, the
food enrichment with linseed oil allowed us to observe
the influence of diet on NLFAs found a priori in high,
low and null amounts in ants’ bodies. C18:3n3 and
C18:3n6 were absent in week 0, and solely recorded in
the high-fat treatment during the experiment. This
suggests that ants are not able to synthesize them, or
only in small doses which are directly incorporated in
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the polar lipid fractions (i.e. phospholipids, glycolipids,
free fatty acids). The amounts of C18:3n3 and C18:3n6
increased with the time ants fed on the diet, thus their
concentration reflects how much/how often the ants
consumed a resource. If these NLFAs are neither highly

Table 3 Effects of time and treatment on overall NLFA

composition
df pseudoF p

F. fusca
Treatment 1 887 < 0.001
Time 7 2.60 0.015
Treatment x time 7 0.91 0.543
Residuals 32

M. rubra (week 8)
Treatment 1 298 0.089
Time 7 1.44 0.197
Treatment x time 7 0.53 0.832
Residuals 32

M. rubra (week 7)
Treatment 1 4.70 0.025
Time 6 146 0.193
Treatment x time 6 0.87 0.871
Residuals 28

M. rubra larvae
Treatment 1 2246 < 0.001
Time 7 1245 < 0.001
Treatment x time 7 1.76 0.090
Residuals 23

PERMANOVA results for overall composition (%) based on Bray-Curtis Similarities.
Significant results (p < 0.05) are in bold
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mobilized nor modified, they should mainly be stored
in the fat body when acquired in considerable amounts
from the diet, and thus detectable with neutral lipid
fatty acid analysis.

C18:2n6 was found in smaller amounts in all sam-
ples of the low-fat treatment, but it is not clear
whether this fatty acid was synthesized by ants de
novo, was obtained from the small amounts in the
food, or from the pre-experimental diet. About one third
of reported insect species, from five different orders, are
able to synthesis C18:2n6, but high interspecific variation
was observed within orders [35, 36]. Regarding the Hy-
menoptera, C18:2n6 biosynthesis was not observed in the
mason bee Osmia lignaria Say, 1837 (Megachilidae) [35],
but it is known from the parasitoid Nasonia vitripennis
(Walker, 1836) (Pteromalidae) [63]. Regardless of the actual
ability of ants to synthesize C18:2n6, its amounts also in-
creased with the diet and, in F. fusca, over time as well. In
M. rubra and its larvae the time effect was not clear.

On the other hand, C16:0, C18:0 and C18:1n9 behaved
similarly in both treatments. No treatment effect in
C16:0 and C18:0 was noticed, even if they occurred in
the high-fat food in levels higher than C18:3n6 and
C18:2n6, respectively. Hence, it seems most likely that
C16:0, C18:0 and C18:1n9 are synthesized de novo in
large amounts from carbohydrates and constantly
modified depending on physiological requirements. For
example, the physiologically ideal fluidity of the fat
body, which changes accordingly with environmental
temperature, is achieved through a balanced ratio be-
tween saturated and unsaturated fatty acids [4]. Hence,
the interplay between B-oxidation and Claisen conden-
sation of these abundant NLFAs should be essential for
this mechanism. The lack of a treatment effect on total
NLFAs also suggests that, at least under ad libitum
feeding conditions, ants have no significant energetic
loss due to de novo fatty acid biosynthesis. Thus, ants
with a sugar-based diet should not have a disadvantage
compared to species that acquire most lipids from the
diet. However, this may not be true under conditions
with limited resources, and detectable differences in ra-
tios could occur between ants that feed directly on
lipids and ants that only synthesize them.

Our multivariate analyses showed that a shift in diet
results in an equivalent shift in profile, and this diffe-
rence was more pronounced when the ants fed longer
on that resource (Table 3, Fig. 5). The main drivers of
this compositional change were specific dietary NLFAs.
Therefore, these profiles represent another way to assess
dynamics of resource use or detect differences among
species [3, 5, 6]. They could be particularly useful when
the exact lipid composition of the food is not known,
such as in samples collected from the field.
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Factors affecting NLFA dynamics

Our results point out to several factors that affect lipid
metabolism in ants, and could be important from bio-
logical and methodological points of view. First of all,
one possible caveat of analytical methods that use ants’
full body is that the undigested food stored in their
crops could bias the results [20]. If this were the case in
our experiment, we would expect higher total amount of
lipids in ants of the high-fat treatment, and a conspicu-
ous increase during the first week. Also, higher variance
should occur in the high-fat treatment, due to the col-
lection of workers with variable crop filling. However,
(1) the amount of NLFAs did not differ between treat-
ments, with the exception of larvae (which do not pos-
sess a crop; [64]); (2) we observed linear patterns for
total fat and several NLFAs, consistent with lipid storage
in the fat body; and (3) variances did not differ between
treatments, in all cases (F test; F. fusca — F = 1.01,
p = 097, M. rubra — F = 158, p = 0.28, larvae —
F = 1.67, p = 0.28). Even if ants had undigested food in
their crops, its contribution would have been relatively
small. Thus, as far as the dietary component of interest
does not occur in very high amounts in the food (e.g. ca.
10% NLFAs in our high-fat diet), full body extraction
can be used to investigate the effect of diet in ants. In
certain research contexts, however, it might be import-
ant to fully eliminate this factor, using a methodological
alternative such as dissection of the fat body.

The reproductive status of the colonies influenced
fatty acid dynamics. Feeding the brood can negatively
affect the amount of fat stored by the workers, as ob-
served in Camponotus festinatus (Buckley, 1866) [65],
potentially explaining the decrease of NLFAs in M.
rubra. On the contrary, F. fusca colonies were getting
closer to reproduction mode during the experiment, and
effectively we observed larvae in two colonies at the last
week (this reproductive timing was also observed in
non-experimental colonies kept in the same conditions).
These colonies needed to accumulate reserves to fuel
upcoming larval feeding and egg laying. Considering
this, it is intriguing that queens of both species displayed
a very low amount of fat at the end of the experiment.

We also observed an effect of development in compo-
sitions and dynamics of M. rubra larvae. The young lar-
vae had large fat storages and amounts of saturated fatty
acids. Earlier in their growth process, they quickly de-
velop other tissues to build more complex organs [66],
resulting in a proportionally smaller amount of NLFAs.
The increase in C18:1n9 in the low-fat treatment with
development may appear counterintuitive, but this was
the only unsaturated NLFA ants were able to synthesize
in large amounts. In turn, larvae from the high-fat treat-
ment already received several polyunsaturated NLFAs
from the diet. The shift to a more balanced composition
between saturated and unsaturated NLFAs might en-
hance metabolic processes in a more complex body. In
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contrat to workers, larvae seem to benefit from a high-
fat diet from which they accumulate slightly more
NLFAs. For Solenopsis invicta Buren, 1972 it has been
demonstrated that sugars, lipids and proteins are differ-
ently allocated among worker subcastes, larvae and
queens [67].

The distinct distribution of nutrients among individ-
uals of a colony is not restricted to different life stages,
but also among worker subcastes. Several studies ob-
served higher fat storage in workers that stay inside the
nest and take care of the brood (= nurses), and less in
workers that spend more time in activities outside the
nest (= foragers) [67, 68]. However, this pattern may not
occur in a few species, and no difference was previously
found in field samples of F. fusca [69]. In M. rubra,
nurse and forager subcastes were identified in laboratory
colonies smaller than ours, and their role was related to
individual age and size [70]. Differences in worker size
were unrelated to total amount of fat for both species in
our data. Individual variation in fat storages could indi-
cate behavioral subcastes, but it was the same in the re-
productive M. rubra and the non-reproductive F. fusca
(CV of NLFA total amounts for all samples = 72% in
both species). Thus, we found no evidence for consider-
able differences in lipid storage across behavioral or
morphological subcastes within these species, under our
experimental conditions, although these effects may
be minute in small colonies and need a specific setup
to be detected.

Regardless of the variation across species and life
stages in profiles and dynamics, the assimilation of spe-
cific dietary NLFAs (C18:2n6, C18:3n3 and C18:3n6)
followed the same pattern. Thus, the physiological pro-
cesses involved in NLFA metabolism should be con-
served at least between the subfamilies Formicinae and
Myrmicinae, which comprise about three quarters of all
valid ant species [71]. It is likely that all ants behave
similarly, but this needs to be tested with experiments
using species with more diversified feeding behaviors
and from more distant branches of the ant tree of life,
such as the Ponerinae or Dorylinae [72].

Implications to the study of ant trophic ecology

In trophic ecology, fatty acids can basically be used in
two ways: as overall profiles, whose variation indicates
differences in diet; and as biomarkers, which indicate
specific interactions between organisms [3, 4]. Our re-
sults suggest that both applications are suitable for ants.
Profiles and individual NLFAs observed in ants changed
in response to diet, and these shifts became more pro-
nounced over time. Fatty acid analysis can provide a
better resource resolution than stable isotopes, in a
more quantitative way and representative timeframe
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than barcoding of gut DNA [2]. However, these methods
are complementary, rather than opposing, and could be
coupled with field observations to provide a comprehen-
sive perspective on ant trophic ecology.

The factors affecting NLFA amounts and composition
that we observed should also be considered in an ecological
context. A representative sample of castes and life stages is
recommended if one is interested in detailed trophic eco-
logy of a particular species. For a study at community level,
profiles of forager workers sampled at a similar time may
be enough to provide comparative information on resource
partitioning, although distinct reproduction times could in-
fluence amounts and compositions.

In this study, we did not aim to survey prospective bio-
markers for natural resources used by ants. However, the
three specific dietary NLFAs (C18:2n6, C18:3n3 and
C18:3n6) presented chemical properties of suitable bio-
markers, as they were not produced by ants (or only in
small amounts) and assimilated through direct trophic
transfer, with little or no metabolic modification [4]. They
can be found in natural diets of ants, such as in elaio-
somes, seeds and other insects, in variable patterns that
may allow detection of specific interactions [56, 73, 74].
Thus, they are good candidates for trophic markers. Since
their assimilation was not affected by species identity,
reproductive status or life stage, the biomarker ap-
proach seems to be quite promising for ants. Naturally,
the actual relevance of these NLFAs would depend on
context and occurrence within a community. On the
other hand, since C16:0, C18:0 and C18:1n9 are synthe-
sized from carbohydrates in large amounts, and highly
modified to attend physiological needs, it would be dif-
ficult to relate their amounts to a particular resource or
feeding behavior. Further research can provide more
fatty acids useful as biomarkers, related to other re-
sources used by ants, which would likely be distinct
from the ones suggested for other groups (e.g. C18:1n9
as an indicator of herbivory in Collembola [5]).

Conclusions

We showed that ants accumulated fatty acids from their
diet via direct trophic transfer, and that both, individual
NLFAs and overall profiles reflect their diets. The fat con-
tent of the diet had no effect in lipids stored by ants,
which shows that they are able to synthesize large
amounts of NLFAs from sugars. Other factors such as re-
productive status and life stage also affected total amounts
and profiles of NLFAs. Specific dietary fatty acids were as-
similated independent of species or life stage. Fatty acid
analysis is a suitable technique to study feeding behavior
of ants, and can become a valuable tool to study ant
trophic ecology in the field. To this end, central points to
be addressed by future research are which biomarkers are
most informative of ant diets in natural communities, and
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how factors other than diet affect fatty acid dynamics and
composition of ant species with distinct life histories.
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