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Introduction: Among long-distance migratory insects, the monarch butterfly
(Danaus plexippus) is one of the most iconic, whose journey is fueled by
nectar from flowering plants along the migratory route which may involve
up to 3,500 km. Understanding how and where monarchs obtain their
dietary resources to fuel migratory flight and ensure overwintering stores
would provide new insights into the migratory strategy of this species and
subsequently help focus conservation efforts.

Methods: This pilot study was designed as a first attempt to assess the
composition, dynamics, and isotopic (3°H, $3C) composition of essential
and non-essential fatty acids (FA) acquired or manufactured de novo from
larval host milkweed (Asclepias spp.) by monarch butterflies and from adult
emergence to overwintering.

Results: Data from controlled laboratory isotopic tracer tests suggested
that adult monarchs convert their dietary energy mainly into 16:0 and 18:1
fatty acids and store them as neutral lipids in their abdomen. FA isotopic
composition reflects not only dietary sources but also subsequent isotopic
fractionation from metabolism. On the other hand, 82H values of essential
omega-3 fatty acid alpha-linolenic acid (ALA) correlated with 82meg, as
markers of an individual's geographic origin and indicated the importance
of larval diet. Additionally, in wild-type females, high isotopic fractionation
in 813Caa between neutral and polar lipids might indicate increased
bioconversion activity during gravidity. Finally, 32H N showed positive H
isotope fractionation from larval dietary sources, indicating that catabolic
processes were involved in their manufacture. Furthermore, 82H;n showed

01 frontiersin.org


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2022.1051782
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2022.1051782&domain=pdf&date_stamp=2022-11-25
https://doi.org/10.3389/fevo.2022.1051782
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fevo.2022.1051782/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/

Pilecky et al.

10.3389/fevo.2022.1051782

a negative correlation with BZHWing values, which could potentially be useful
when investigating individual life-history traits, such as migratory catabolic
efforts or periods of fasting.

Discussion: This interpretation was supported by significant larger variations
in 8Hyn and 82H_ N overwintering monarchs compared to other FA.
Altogether, our results provide the first evidence that the H isotopic analysis
of individual fatty acids in migrating and overwintering monarchs can be
used to infer the nutritional history of individuals including the provenance
of nectaring sites used to fuel key life history events.

lipids, migration, habitat conservation, stable isotopes, fatty acids, deuterium, 13C

Introduction

Migratory animals have evolved numerous morphometric,
physiological, and behavioral adaptations to successfully
achieve seasonal habitat movements, often involving impressive
transcontinental passages (Dingle, 2014; Hobson et al,
2019). Independent of biome, vertebrate, and invertebrate
adult migrants using terrestrial and aquatic habitats fuel
their migratory journeys using energy-dense lipids, mainly
triacyclglycerols (storage lipids), which are acquired directly
from diet or are synthesized de novo, for example, from
carbohydrates (McWilliams et al., 2004). Fats are typically
accumulated and stored to fuel the entire migratory episode, or
are obtained at stopover refueling sites. The dietary quality for
animals at pre-migratory staging sites and along stopovers used
during migration, along with the ability of animals to convert
food into fuel, are crucial factors influencing the overall success
of their migration cycle (Lennox et al., 2016).

Among long-distance migratory insects, the monarch
butterfly (Danaus plexippus) is the most iconic. The eastern
population of this species in North America undergoes a
continental-scale fall migration of up to 3,500 km to overwinter
in high altitude (3,000-4,000 m.a.s.l.) colonies in the oyamel
(Abies religiosa) forests of the transvolcanic belt of central
Mexico (Slayback et al., 2007). After reaching the overwintering
colony, monarchs fast and rely on their accumulated fats to
sustain them from December to March. Only successful gravid
females begin re-migration north in the springtime reaching
as far as Texas where they oviposit on milkweed (Asclepia
sp.) plants. Successive generations continue northward, making
use of newly available milkweed until the late summer cohort
of individuals is produced, many of which migrate south to
Mexico. The monarch’s fall migratory journey is fueled by
nectar (Brown and Chippendale, 1974; Brower et al., 2006)
obtained from flowering plants along the migratory route (Beall,
1948; Gibo and McCurdy, 1993; Brower et al., 2006). It has
been proposed that nectaring resources in Texas provide the
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bulk of the lipids required to sustain both overwintering and
subsequent reproduction the following spring (Brower, 1985).
However, in a year of record drought in Texas (Brower et al,
2015) found that butterflies collected there contained lipid
contents well below normal, while butterflies collected from
overwintering sites had higher contents. They hypothesized
that there should be other areas in Mexico where they could
have access to abundant nectar. Recently, Hobson et al. (2020)
provided hydrogen isotopic evidence contrasting total lipid 8>H
and wing 32H values that suggested migrant monarchs acquire
overwintering storage lipids much closer to their winter roost
sites than expected, rather than gradual by accumulation along
the migratory route. Understanding where and how monarchs
obtain the dietary fat resources to fuel migratory flight and to
ensure overwintering stores would provide new insights into
the migratory strategy of this species and subsequently inform
conservation strategies (Brower et al.,, 2006).

Besides non-essential saturated and monounsaturated
fatty acids composing the majority of energy storage in
lipids, attention has turned to polyunsaturated fatty acids
(PUFA) in animal nutritional ecology, and especially omega-
3 polyunsaturated fatty acids (n-3 PUFA), such as the
essential alpha-linolenic acid (18:3n-3, ALA), as well as the
conditionally indispensable eicosapentaenoic acid (20:5n-3,
EPA) and docosahexaenoic acid (22:6n-3, DHA), which are
physiologically crucial but of limited dietary availability in
nature (reviewed by Twining et al., 2016). Animals vary in their
ability to convert essential ALA into EPA and DHA but they
cannot synthesize ALA de novo. Currently, our understanding
of animal lipid biochemistry and physiology is biased to marine
food webs (Baird, 2022), with far less information available for
freshwater, terrestrial, or insect food webs (but see Twining et al.,
2016; Génier et al., 2021; Parmar et al., 2022). Little attention
has been given to understanding the interactions between the
physiological demands of long-distance migration (e.g., for
insects, birds), spatial origin of lipids and subsequent storage,
utilization, and conservation and dynamics of PUFA and the
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essential precursors such as linoleic acid (18:2n-6, LIN) and
ALA.

Increasingly, efforts are underway to gain a better
understanding of the spatio-temporal environmental conditions
experienced by migrating monarchs (and other animals)
during migration with respect to understanding population
demographic trends and conservation (Saunders et al,, 2019;
Taylor et al, 2019). The findings of Hobson et al. (2020)
were based on H isotopic measurements of “total” lipids in
migrant monarchs, which for adult monarchs predominantly
reflects the abundant non-essential oleic (18:1n-9) and palmitic
acids (16:0) (Cenedella, 1971). Here we explore the idea that
fatty acid profiles combined with compound-specific fatty
acid isotopic (8'*C and 8*H) analyses of storage lipids could
provide new information on energy provenance because
lipids are composed of carbon and hydrogen atoms derived
from spatially-distributed plant nectars [see West et al. (2008,
2010) regarding plant-based H and C isoscape patterns]. We
hypothesized that the essential PUFA (i.e., ALA and LIN) would
be derived exclusively from the larval milkweed host plant diet,
because no notable amounts are taken up by the nectar feeding
adults, and these PUFA should retain the isotopic composition
of their geographical provenance (O’Brien et al, 2000; but
see Levin et al, 2017), whereas non-essential fatty acids,
such as palmitic acid (16:0), stearic acid (18:0), or oleic acid
(18:1n-9) would be synthesized from dietary sources like nectar
taken up along the migratory route, and simultaneously being
used during flight. However, carbon and hydrogen isotope
discrimination of stored fatty acids through mobilization
kinetics (e.g., burning of fat) and by other biochemical processes
are possible and could complicate isotopic-based inferences of
these fatty acid spatial origins (Soto et al., 2013). Regardless, the
measurement of the stable isotopic composition of stored lipids
could be a powerful new method to infer origins of nectaring
sites of migratory insects and potentially (re)fueling sites for
migratory birds, other insects, and vertebrates (Hobson et al,,
2020).

We designed this pilot study in a first attempt to assess
the composition, trophic dynamics (i.e., trophic discrimination
factors), and isotopic (82H and $!*C) structure of essential and
non-essential fatty acids acquired or manufactured de novo
from larval hostplant milkweed by monarch butterflies from
adult emergence stage to overwintering. We used controlled
captive experiments to raise monarchs from eggs on swamp
(A. incarnata) and common (A. syriaca) milkweed hostplants
to the eclosed adult butterfly. This experiment allowed us to
examine stable isotopic relationships between the natal host
plant and larval dietary fatty acids and those in newly emerged
adults. With later diet-switching of newly eclosed adults to an
isotopically spiked (32H) nectar we were able to infer which FAs
were produced de novo and which were obtained directly via the
larvae from the larval milkweed hostplant.
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Using analyses of polar and neutral lipids, the compositional
and isotopic structure of fatty acids derived from the head and
thorax (i.e., functional compartments) were compared to those
in the abdominal fat body (i.e., storage compartment) of the
captive-raised monarchs. We examined the lipid composition
and isotopic (3'3C and 3*H) structure of a small sample
(n = 20) of wild monarchs obtained from an overwintering
colony in Mexico in February 2022, and correlated wing 8*H
measurements (e.g., proxy for migratory distance) to individual
fatty acids to determine whether $2H values of larval-derived
essential fatty acids also provided information on spatial origins
of individuals (Wassenaar and Hobson, 1998; Flockhart et al,,
2013). The isotopic structure (8!*C and 32H) of non-essential
fatty acids, which were presumably derived from southern
nectaring sites close to the winter colonies (Hobson et al., 2020)
were examined to evaluate their potential for spatial inferences
of where monarchs acquired the key storage lipids required to
sustain overwintering.

Materials and methods
Captive rearing and tracer experiments

In a first experiment, swamp milkweed was grown in planter
pots in a greenhouse and randomly assigned to two groups (10
pots per treatment). One group was watered for 4 weeks using
tap water (~82H-54%0) and the other on water spiked with 99%
deuterated water (Sigma-Aldrich) to achieve a watering §*H
value of ~+350%0. Milkweed leaves from these spiked and tap
water groups were thereafter used to raise monarchs from eggs
through the larval stage and pupa to the eclosed adult monarch.
Eclosed adult monarchs (1n = 8 per treatment) were sampled
immediately after emergence without any subsequent nectaring.

In a second experiment, monarchs were raised on a single
batch of wild-sourced common milkweed from Manitoulin
Island, ON, Canada. Similar to those raised in captivity on
the swamp milkweed, we sampled eclosed adults without any
nectaring. A second group of the emerged adults were kept for
seven additional days and fed a >H spiked nectar consisting
of a 3:1 water:sugar solution using spiked dilution water
(82H = ~+350%).

Adult monarchs were euthanized and stored in a —80°C
freezer and freeze-dried before conducting isotopic analyses.
Subsamples of milkweed leaves representing (equally) all
treatments were freeze-dried and powdered for subsequent
stable isotope and lipid analyses.

Overwintering monarchs (Mexico)

A small sampling of 20 (10 M and 10 F) overwintering
monarchs were collected live in late January 2022, at the Sierra
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Chincua wintering colony in Michoacan, Mexico. These wild
monarch samples were transported cold on the collection day to
the UNAM-Campus Morelia where they were euthanized and
immediately freeze dried. These monarchs were stored whole
at —20°C before being transported to the laboratory for lipid
composition and stable isotopic analysis.

Monarch wing H isotopic analyses

Samples (0.35 & 0.02 mg) of monarch wing chitin were
weighed into 3.5 mm X 5 mm silver capsules, placed in a
Uni-Prep autosampler (Eurovector, Milan, Italy, Wassenaar
et al,, 2015) and subsequently analyzed in a Eurovector 3000
Elemental Analyzer, coupled to a Thermo Delta V Plus isotope
ratio mass spectrometer (Bremen, Germany) in continuous flow
mode at the University of Western Ontario. After the samples
were loaded, the Uniprep autosampler was heated to 60°C
and evacuated and subsequently flushed with dry helium to
remove adsorbed atmospheric moisture from the samples. Two
USGS keratin standards, CBS: Caribou Hoof Standard and KHS:
Kudu Horn Standard were included every ten samples. Samples
were combusted at 1,350°C using a glassy carbon reactor.
Values of 8*H of non-exchangeable hydrogen were derived
using the comparative equilibration approach of Wassenaar
and Hobson (2003) and calibrated to Vienna Standard Mean
Ocean Water (VSMOW) using CBS (£1.9%0 1 SD, n = 18,
accepted 8°H = —197.0%0) and KHS (41.6%0, n = 17, accepted
82H = —54.1%0). Overall (within-run) measurement error for
CBS and KHS 8*H was <~2%q.

For the laboratory experiments, the 3*H analyses of water
were done using a DLT-100 laser spectrometer (ABB/Los Gatos
Research, Mountain View, CA, USA) using laboratory standards
INV1 8*H = —217.7%0 and ROD3 §?H = —3.9%, respectively,
to normalize delta values to the VSMOW-SLAP scale. Accuracy
as determined by replicate analyses of samples and reference
waters was <=1 and 0.1%o, respectively.

Fatty acid quantification and stable
isotope analysis

Lipids of the selected monarch body tissues and milkweed
hostplants were extracted as in Heissenberger et al. (2010)
and the lipid content was determined gravimetrically. Briefly,
freeze-dried monarch and milkweed samples were homogenized
and mixed with chloroform:methanol (2:1 vol/vol) and after
sonication, vortexed and centrifuged three times to remove non-
lipid material. Solvent-extracted lipids were evaporated to a final
volume of 1.5 mL under N, flow. Lipids were then separated
into neutral lipids (NL), free-fatty acids (FF), and polar lipids
(PL) using solid phase extraction (SPE; Bond Elut LRC-SI,
Agilent Technologies, Santa Clara, CA, USA). The SPE columns
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were conditioned using hexane and loaded using 0.5 mL of the
sample extract. NL were eluded using Chloroform:2-propanol
(2:1 v/v), followed by elution of the FF using 2% acetic acid in
diethyl ether and PL using methanol (Kaluzny et al., 1985). For
fatty acid methyl ester (FAME) formation, lipid samples were
incubated with a sulfuric acid:methanol mixture (1:100 vol/vol)
for 16 h at 50°C, following the addition of KHCO3 and hexane.
Samples were shaken, vortexed, and centrifuged and the upper
organic layers collected, pooled, and concentrated under N,
gas flow.

All $3C and $*H analyses of FA were performed following
the analytical methodology described previously (Pilecky et al,,
2021a). Briefly, a Thermo Trace 1310 GC (ThermoFisher
Scientific, Waltham, MA, USA) was connected via a ConFlo
IV combustion or reduction interface (ThermoFisher Scientific)
to an Isotope Ratio Mass Spectrometer (IRMS, DELTA V
Advantage, ThermoFisher Scientific). FAMEs were separated
using a VE-WAXms 30 m column, 0.32 mm ID, film thickness
1 wm (Agilent) and then for 813C analysis oxidized to CO, gas
in a combustion reactor, filled with Ni, Pt, and Cu wires, at a
temperature of 1,000°C, or for *H analysis reduced to H, gas
by passing through a high thermal conversion (HTC) ceramic
reactor at 1,420°C.

Lipid samples were reference scale-normalized using three-
point calibration with FAME stable isotope (Me-C20:0)
reference materials (USGS70: 8'3C = -30.53%, 8*H = —183.9%,
USGS71: 8'3C = -10.5%, 8*H = -4.9%0, and USGS72: $13C = -
1.54%0, 8*H = +348.3%0). FA $13C and 82H values (8Iz4) were
corrected for methylation according to the formula (Pilecky
et al., 2021a):

3pa = ((n+1) x dpame—SImeon)/n

Where 8Ipamg are the 82H or 83C values of the measured
FAME and 8Iy.0n the 82H or 8'3C values of the methanol used
during methylation and # equals the total number of H-/C-
atoms of the FAME molecule. Values for !3C are referenced to
Vienna PeeDee Belemite (VPDB).

13C/12C
$3CH = [ ——20m 1)« 1000
BC/12Cyppp

Values for 32H are standardized against Vienna Standard
Mean Ocean Water (VSMOW).

’H/'H
82 Hpy = 2/175“’”‘”‘3—1 % 1000
H/ Hysmow
Data analysis
All data and graphical analyses were performed in R

(Version 4.1.0) using the packages rstatix, ggplot2, and ggpubr.
Data were presented as mean =+ standard deviation including
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propagated errors wherever applicable. A student’s t-test, or one-
way ANOVA with Tukey post-hoc test was used for two or
multiple group comparison, respectively. The Pearson method
was used for linear correlation analysis. Z-scores for individual
FA relative abundance (% of total FAME of a sample) were
calculated by normalization to the global study mean and
standard deviation within this study.

Results

Fatty acid profiles of milkweed, wild,
and captive monarchs

Milkweed host plant leaves had an average lipid content of
120.5 & 12.3 jug mg~! of dry weight. The most abundant FA in
milkweed leaves were palmitic acid 16:0 (11.3 + 6.6 jLg mg~ ')
and ALA (10.3 £ 5.8 ug mg™!), followed by LIN (2.7 £ 1.5 ug
mg~!), 18:1n-9 (2.2 + 0.9 pgmg '), 18:0 (1.6 £ 0.9 pg mg™ 1),
and 16:1n-7 (0.7 £ 0.6 g mg~!). Furthermore, only traces of
16:1n-9, GLA, 18:1n-7, and 14:0 could be identified.

For monarchs, the lipid content was dependent on the
sample type (ANOVA, F4 31 = 19.8, p < 0.001). The lipid content
of overwintering wild monarchs was approximately double for
females (628 + 208 jLg mg~!) compared to males (313 + 136 pug
mg~!, Tukey, p < 0.001). Adults eclosed under controlled
laboratory conditions and without any subsequent nectaring
began life with an average lipid content of 136 ug mg~! + 52,
and the abdomen had twice the lipid content (214 £ 54 pg
mg_l) of the head/thorax tissue (94 + 10 jLg mg_l).

Neutral lipids (NL) were positively correlated with total
lipids (R?> = 0.5, p < 0.001). The marked increase in the NL
fraction of the wild individuals was due to the accumulation
of 16:0 and 18:1n-9. The phospholipid (PL) mass fraction was
slightly higher in the captive monarch adults (13.8 &+ 3.2 pg
mg~!) compared to the overwintering individuals (female:
9.7 & 4.6 jug mg~ !, male: 10.6 + 3.7 ug mg~!), with head and
thorax tissue particularly rich in PL (21.2 £ 9.7 pg mg™!).

Mass fractions of LIN (f-test, p < 0.001), ALA (t-test,
p < 0.001) and EPA (t-test, p < 0.001) were significantly
higher in the captive monarchs compared to wild overwintering
individuals. The EPA content did not differ (paired ¢-test,
p = 0.75) between NL and PL, however, higher mass fractions
were found in the newly emerged adults (~0.4 pg mg™!)
compared to wild overwintering monarchs (~0.1 g mg~!), as
well as having higher mass fractions in the head/thorax tissue
(~0.4 ug mg~') compared to the abdomen (~0.1 jLg mg~1).
Other PUFA detected in trace amounts were gamma-linoleic
acid (GLA, 18:3n-6), 20:3n-3, and 20:4n-6, however, no SDA
or PUFA with >20 carbon atoms were found (Table 1 and
Figure 1). In total, six fatty acids were found to be abundant
enough to allow for compound-specific stable isotope analysis:
16:0, 16:1 (sum of all isomers), 18:0, 18:1 (sum of all isomers),
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LIN and ALA. The C and H isotopic composition of EPA could
only be measured in the PL fraction.

Isotope fractionation in fatty acids of
freshly eclosed adults compared to
larval diet

The captive-raised milkweed and monarchs treated with
2H enriched (~+350%0) water resulted in a ~50-100%o
increase in the 3’H values of the fatty acids of milkweed
and correspondingly of the fatty acids of monarch larvae, as
reflected in the eclosed non-nectaring adults feeding on them
(Figure 2A). Non-essential FA were significantly lower in §?H
values in the newly eclosed adults compared to larval milkweed
diet (AS?H: 16:0: —79.7 £ 23.8%0; 16:1: —193.2 % 31.5%0; 18:0:
—72.5 £ 20.2%0; 18:1: —251.0 £ 26.8%0; all t-test, p < 0.001),
while LIN was significantly enriched (AS*H +54.8 + 12.4%o;
t-test, p < 0.001). ALA showed a slight but insignificant positive
trend (AS?H 7.8 £ 18.2%0; t-test, p = 0.665). There was no
significant difference in the $*H values between fatty acids of
NL and PL of eclosed adults, except for 16:0, which were slightly
enriched in ?H in PL compared to NL (A8>H —241.9 4 5.9 vs.
—267.8 & 11.2%q, t-test, p = 0.007). The 3*H values of EPA could
only be measured in PL and were approximately 40%o higher
compared to ALA when feeding on leaves from milkweed raised
on tap water (AS?>H —111.1 & 7.7 vs. —149.7 & 3.2%0) and
ca. 60%o enriched in individuals feeding on 2H-enriched leaves
(AS’H —46.3 £ 0.8 vs. —111.8 = 0.8%0) (Figure 2A).

Integration of deuterium into fatty
acids in adults feeding on enriched
nectar

Significant integration of the 2H tracer into the fatty acids
of individuals feeding on 2H,0 enriched nectar was observed
in 16:0 of NL (A8%H abdomen: 31.1 % 13.8%q; t-test, p = 0.017;
head/thorax: 31.7 £ 9.3%; t-test, p = 0.004) but not for PL. Non-
significant trends were observed in 18:1 in PL of the abdomen
(AS?H 25.7 £ 18.7%; t-test, p = 0.12) as well as ALA and EPA
of all tissues and lipid classes (A32H ~+10%o). A negative trend
was observed in 18:0 of NL of abdominal tissue (spiked - tap
water AS?H —69.2 & 22.9%o; t-test, p = 0.019; Figure 2B).

A significant positive H isotopic fractionation between the
head/thorax and abdominal tissue was found in 16:0 of NL
(AS%H 31.5 + 11.2%0; t-test, p = 0.016), while a corresponding
negative isotope fractionation was observed for 16:0 of PL
(AS?H —34.1 £ 20.9%0; t-test, p = 0.003). Furthermore, in
PL 8’Hyv (AS?H —30.4 £ 14.0%0; t-test, p = 0.017), $>Hara
(AS’H —36.6 % 15.2%0; t-test, p = 0.002), and 3’Hgpa (AS’H
—22.4 + 11.1%0; t-test, p = 0.018) values were lower in the
head/thorax than in the abdomen.
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TABLE 1 Fatty acid mass fractions (ng mg~1) in individual lipid classes for monarchs raised in captivity and over-wintering in Mexico.

Eclosed adult Abdomen Head/Thorax Wild (female), Mexico Wild (male), Mexico
Total lipids 136 £ 51 213+54 93+ 10 628 + 208 313+ 136
(n gmg™ 1y FF NL PL FF NL PL FF NL PL FF NL PL FF NL PL
14 N/D 0.46 +0.09  0.02 + 0.00 N/D 0.574+0.16  0.01 %+ 0.01 N/D 0.134+0.19  0.02 +0.02 N/D 0.80 + 0.28 N/D N/D 0.60 +0.33  0.01 % 0.01
16 0234016 284457 1554038 0154006 47.8+11.6 182+1.14 0154017 151+£112 3424222 0894066 14154628 1334063 0324032 10134592 1324087
16.1.7¢ 0.01+0.01 1844037 004+£001 0014001 100460 0234017 N/D 24430 0314024 009+008 16624914 0194009 0044003 142+77 031+023
16.1.9¢ N/D 0.3140.08 0.01 = 0.00 N/D 0.3440.09 0.01 % 0.01 N/D 0.10 +0.08  0.02 % 0.01 N/D 0.88+0.38  0.01 = 0.00 N/D 0774048  0.01 % 0.01
17 N/D 0.10+0.22  0.01 £ 0.02 N/D 0.03+0.04 0.00+0.01 N/D N/D 0.02 + 0.02 N/D 0.02 + 0.02 N/D N/D 0.02 =+ 0.04 N/D
17.1.7¢ 0014000 1374058 0024001 0014001 035+005 0024002 001+001 0494012 0.04+0.02 N/D 0.2240.03  0.01 4 0.00 N/D 0314010  0.01+0.00
18 0124008 85417 188+045 0064004 484+3.07 089+068 009+010 44+10 1894126 0084007 8434465 0654033 0044003 5484258 0634025
18.1.7¢ N/D 0.384+0.09  0.03 £ 0.01 N/D 0414021  0.02+0.01 N/D 0.144+0.07 0.04+0.02 001+£001 1354080 0.03+0.01 N/D 1.44+0.65 0.03£0.02
18.1.9¢ 0184012 237449 2074040 0094004 487+153 283+209 005+006 202+101 564£390 164123 28294902 3954187 0534059 15064970 50427
LIN 18.2.6¢ 0024001 60417 0814023 0024001 11.2+29 092+086 001+£002 60+£24 213124 0014001 1314053 0514023 0004000 1314049 059+ 042
ALA 18.3.3¢ 0194008 3564163 63415 006+003 347+78 256+342 004+005 189+51 5840 0034002 6474265 2584134 0024001 59432 23413
GLA 18.3.6¢ N/D 0.3340.04  0.03 £ 0.01 N/D 0.16 4 0.05 N/D N/D 0.10 +0.03  0.03 £ 0.02 N/D 0.014+0.01  0.01 = 0.00 N/D 0.01 4 0.01 N/D
SDA 18.4.3¢ N/D N/D N/D N/D N/D N/D N/D N/D N/D N/D N/D N/D N/D N/D N/D
20.1.9¢ N/D 0.04 + 0.06 N/D N/D 0.02 + 0.02 N/D N/D 0014001 0.02+0.01 N/D 0.2540.16 0.0140.01 N/D 0214007 0.02+0.01
203.3¢ N/D 0.2340.05 0.0240.01 N/D 0.19+0.10 0.01+0.01 N/D 0074001 0.0240.02 N/D 0.1140.06 0.0140.01 N/D 0094004 0.01+0.01
ARA 20.4.6¢ 0.014+0.01 0.0840.04 001+ 0.01 N/D 0.06 £ 0.02  0.00 £ 0.01 N/D 0.07+£0.02 0.01+0.01 N/D 0.02 4 0.01 N/D N/D 0.03 + 0.02 N/D
EPA 20.5.3¢ N/D 0.48+0.12 037 £0.10 N/D 0.1040.05 0.13+0.18 N/D 0.37+0.19 041+ 0.43 N/D 0.13+0.04 0.11+0.05 N/D 0.1140.08  0.10 + 0.06
22 N/D 0.24+0.05  0.02 +0.01 N/D 0.07 +0.04 0.01+0.01 N/D 0.1140.03  0.03 +0.03 N/D 0.1140.05  0.01+0.01 N/D 0.2140.09  0.01 % 0.00
24 0.01+0.01 0.15+0.03 0.01=+0.01 N/D 0.0440.02  0.04 %+ 0.05 N/D 0.1+ 0.05  0.03 + 0.03 N/D 0.07 + 0.04 N/D N/D 0.10 % 0.06 N/D
Total FA 15412 111430 138+32  07+0.1 161435 106+57 08+06 70431 212497 30422  463+163  97+46  12+10  284+140  10.6+3.7

Values indicate mean =+ standard deviation (n = 10 for each group). FE, free fatty acids; PL, polar lipids; NL, neutral lipids.
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Z-scores (for all samples in this study) of relative fatty acid abundance (% total FAME) for each sample and corresponding mass fractions (j.g
mg~! dw). Wild monarchs, especially females, contained higher lipid fractions than males or monarchs raised in the lab, in which the abdomen
had ca. twice the lipid content compared to the head/thorax region. Polar lipids (PL) content was comparable for all monarchs but particularly
concentrated in head/thorax. Neutral lipids (NL) correlated with lipid content, mainly driven by the increase in 16:0 and 18:1n-9. Notably, EPA
was concentrated in PL, while 18:1 and 24 were enriched in the NL. Relative EPA contents in the PL were lower in freshly emerged monarchs for
both head/thorax and abdomen compared to those migrant individuals overwintering in Mexico. Relative fatty acid content of LIN and ALA was
comparable between NL and PL.
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FIGURE 2

Hydrogen isotopic fractionation between diet and fatty acids (FA) of (A) eclosed monarchs after feeding on milkweed grown under two different
water treatments at larval stage (experiment 1) and (B) adult monarchs feeding on nectar with or without spiked D, O (experiment 2). (A) While
the effect of 2H spiked water was universally seen, the saturated and monounsaturated fatty acids were significantly lighter in larvae compared
to diet, while LIN was significantly enriched. Alpha-linoleic acid (ALA) closely reflected the diet. There were no differences in §°H values
between neutral lipids (NL) and polar lipids (PL). 82Hgpa could only be determined in PL and was enriched compared to the corresponding ALA
values. (B) 16:0 and 18:1 in PL were isotopically enriched compared to NL and 82H16:0 values of NL were lower in the abdomen, compared to
head/thorax tissue, while the opposite held for PL. In addition, 16:0 was the only FA showing significant integration of deuterium, although slight
isotopic effects could also be observed for ALA and EPA. LIN, ALA, and EPA in PL of the abdomen were isotopically enriched compared to NL or
both PL and NL of head/thorax tissue.
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Significant inter-class H isotopic fractionation between NL
and PL was observed in 16:0 in abdominal tissue (A8*H
89.1 & 22.4%; t-test, p < 0.001), but also in head/thorax tissue
(AS*H 23.6 £+ 9.3%o; t-test, p = 0.027) as well as to a lesser
extend in 18:1 (A8*H abdominal: 46.8 & 24.7%y; t-test, p = 0.002;
head/thorax: 29.7 + 28.9%0; t-test, p = 0.05). Finally, §?Hapa
values were lower in NL than PL in abdominal tissue (A§%H
42.6 4 15.9%0; t-test, p < 0.001; Figure 2B).

Compound-specific isotope analyses
(CSIA) of fatty acids in overwintering
monarchs

Compared to monarchs raised in captivity in the laboratory,
the samples of overwintering monarchs from Mexico had lower
82H 6.0 (—328 & 222 vs. —250 =& 15%0), 8*Higq (—362 =+ 25
vs. —310 % 46%0) and 8*Hjg.; (—354 & 11 vs. —307 % 17%),
but higher 8*Hjg.o (—133 & 46 vs. —203 =& 28%o) and 8>Hapa
values (—101 £ 27 vs. —135 = 25%o). As observed in the captive
study, the 82H 6.0 values were lower in NL than PL, whereby the
H isotopic fractionation was slightly higher in male than female
monarchs (A8*H: 39.6 + 11.6 vs. 27.9 % 8.1%o), but in addition
the A82Hig.¢ values were higher in NL than in PL (A82H:
female: —79.9 =+ 34.3%o; male: —89.1 & 53.4%¢). The standard
deviation of H isotopic fractionation between NL and PL in all
20 monarchs was lower in 82H;g.0 (11.3%0), 82H1g:1 (7.7%0), and
BZHALA (9.0%o0) than in 82H18;0 (47.5%0) and SZHLIN (56.2%0).
The $2Hapa values of both lipid classes strongly correlated with
wing chitin §?H values (Pearson, NL: R* = 0.78; PL: R? = 0.64).
No significant correlation with wing chitin was observed for §*H
values of any other FA (Figure 3A).

Regarding §!3C, all saturated and monounsaturated FA
had slightly lower values in NL compared to PL (8!3C 16:0
—2.1 4 1.2%0; 18:0 —1.5 & 2.0%0; 18:1 —2.0 &= 1.9%0). About half
of the female monarchs had up to 6%o higher 8'3Ca1 5 values in
NL than in PL, while no carbon isotopic fractionation in ALA
between lipid classes was observed in males (Figures 3B,C).

Discussion

This is the first study investigating fatty acids in monarchs
(or any migratory insect) using compound-specific 8*H and
813C and controlled tracer test analysis. Data from controlled
laboratory isotope tracer tests and from overwintering
individuals suggested that adult monarchs convert their dietary
energy mainly into 16:0 and 18:1 FA and store them as NL in
their abdomen. Accordingly, the H and C isotopic values of the
non-essential saturated and monounsaturated fatty acids should
not correlate with the 82H of monarch wings, a proxy of the
natal origin of each individual (Wassenaar and Hobson, 1998;
Flockhart et al., 2013), but are instead expected to correlate
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to the spatial origins of their nectar sources. On the other
hand, the 8H values of the essential omega-3 PUFA ALA were
correlated with the SZHWing, underscoring the physiological
importance of ALA because it is retained by the migratory
individual throughout its entire life cycle. Finally, $*Hpny
showed a 2H enrichment compared to the larval milkweed diet,
indicating the predominance of catabolic processes. In fact,
we found considerable variations in the isotopic fractionation
of §?Hyjn and 3'3Cpy between NL and PL of overwintering
monarchs. The absolute A8*Hypy values of NL revealed a
negative correlation with 3*H values of wing chitin which could
potentially be useful when investigating individual life-history
traits, such as past catabolic events or periods of fasting. Taken
altogether, our results provide evidence that H and C isotopic
analyses of individual fatty acids in migrating and overwintering
monarchs can be used to gain new insights into the nutritional
history of individuals including provenance of nectaring sites
used to fuel key life history events.

Monarch larvae feeding on 2H-labeled milkweed leaves
accordingly integrated the isotope tracer into all FA. The $?°H
values of saturated and monounsaturated FA were significantly
lower in the larvae than the hostplant milkweed, indicating
predominant anabolic processes, that is, ongoing fatty acid
synthesis. Conversely, S2HarLA closely reflected the milkweed
hostplant diet, and those of LIN were significantly higher,
indicating a predominance of catabolic processes. We were
able to detect low contents of EPA, whose 82H values
were slightly higher compared to ALA (~40%o), but even
higher when feeding on the H-labeled leaves (~60%y). This
could be explained by the integration of the liquid water
hydrogen/deuterium atoms into the FA molecule during the
conversion process of ALA to EPA (Pilecky et al, 2022),
which monarchs must perform because terrestrial plants do
not contain any PUFA with more than 18 C atoms (T'wining
et al,, 2016). Bioconversion is likely initiated by an elongation
of ALA to 20:3n-3, followed by double desaturation to EPA
as has been found in other hexapods (Strandberg et al., 2020)
and because we did not detect any traces of stearidonic acid
(18:4n-3) in monarchs in this study. Integration of deuterium
atoms into EPA and into ALA of PL of head/thorax tissue also
occurred for adults feeding on a sugar solution with 2H-enriched
water but without any FA, which revealed that bioconversion
of ALA to EPA is not only performed in monarch larvae, but
also in adults, and that EPA in monarchs is potentially subjected
to retro-conversion to ALA in head/thorax tissue. Still, the
monarch larval stage appeared to be the only possibility for
monarch adults to obtain this essential fatty acid. A recent
study by Pocius et al. (2022) found a correlation between larval
diet, i.e., milkweed species, and the free-flight energetics of
monarch adults, hence it would be of great interest to establish
whether the species of milkweed host plant (and its distribution)
impacts the EPA quantity in freshly eclosed monarch adults.
In many animal species, EPA increases the efficacy of neuronal
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FIGURE 3
Compound specific isotope analysis fatty acids (FA) for 20 monarchs at their overwintering habitat in Mexico. (A) In contrast to all other FA,
32Haa correlated with wing 82H suggesting strict conservation of this FA from their natal provenance. (B) §2H and $'3C fatty acid specific biplots
of 10 female and 10 male monarchs from the overwintering site in Mexico. Distinct groups in an isotopic biplot, indicating different nectaring
provenance, could not be identified in this small dataset. (C) The individual isotopic fractionation between neutral lipids (NL) and polar lipids (PL).

tissue (e.g., providing higher visual acuity, memory capacity, or
spatial navigation) and promotes reproduction, and is therefore
particularly biosynthesized by females for maternal provision to
offspring (Pilecky et al.,, 2021b). In our small pilot dataset of
20 wild overwintering monarchs, we found that about half of
females showed a high carbon isotopic fractionation in 313Cara
between NL and PL, which suggest increased bioconversion
activity during gravidity, although our sample size is too small
to solidly support this idea. Unfortunately, determining 8>Hgpa
and 8'3Cgpy is analytically challenging in adult monarch lipid
extracts due to the extremely low ratio of these EPA to total
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FAME, particularly in NL and abdominal tissue. As a result,
we were unable to reliably measure 3’Hgpy and 8'3Cgpa
in the wild overwintering monarchs. Further methodological
improvements will be required for studying EPA bioconversion
rates in the wild monarch populations.

The large isotopic fractionation in 8?Hig between PL
and NL in abdominal tissue revealed a high rate of fatty
acid synthesis and thereby underscores its importance for
dietary energy conversion from carbohydrates to storage lipids.

Unfortunately, our overwintering monarch sample size was too
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small to fully validate the suitability of compound-specific non-
essential stable isotope analysis for linking wintering individual’s
FA to different food sources spatially, and we were unable to
identify any subgroups by dual (C + H) isotope plots of any FA to
potentially differentiate nectaring locations. However, data from
the controlled experiments showed that nectar sources were
clearly reflected in the 82H.( values and may be integrated into
82Hg,0 and 82Hjg,; over a longer period of time, encouraging
further studies investigating the suitability of this FA as food
provenance and energy source marker.

Linoleic acid was the only fatty acid whose 8*H values were
significantly enriched compared to diet and showed the largest
variation in 3*H values in the 20 wild overwintering monarchs
from Mexico, both in their absolute values but particularly in
the isotopic fractionation between NL and PL. Furthermore, the
$?Hpn of NL showed a negative correlation with wing chitin
82H values (e.g., natal origin). We found low mass fractions of
arachidonic acid (20:4n-6, ARA) mainly in the NL and almost
none in PL, which suggested that ARA was a by-product of
fatty acid bioconversion of the non-selective (between n-3 and
n-6) bioconversion, rather than having an ARA-demanding
physiological function. LIN is taken up together with ALA
from milkweed leaves at the larval stage, whereas adults have
no significant access to both PUFA. Omega-3 PUFA are
vital for functioning of the neuronal system including vision
and navigation and are thus particularly retained rather than
catabolized (Pilecky et al., 2021b), while no similar biological
function for LIN is known. We therefore postulate that LIN
is accumulated at the larval stage up to eclosure of the adult.
From that time on, LIN is partially used for energy production,
particularly when running low on non-essential fatty acids. This
is likely the cause of the observed increase in 82Hyy values in all
samples, because fatty acids with lighter isotopic composition
are mobilized faster, rendering the residual unused pool with
heavier isotopic composition. It could be speculated that 8*Hy
values are an energetics marker for individual life-history of
migrant monarchs, but it remains to be tested whether directly
or indirectly, for example by correlation of isotopic fractionation
between LINyy, and LINpy, with spatiotemporal parameters such
as total flight time or migratory distance and/or the number of
over-wintering fasting days.

Conclusion

The controlled laboratory and field results of this pilot
study encourage further investigation on the application of
compound-specific 2H and '3C analysis investigations of the
migration routes and nectaring energy sources of monarchs and
for other migratory Lepidoptera or insects. Further studies using
appropriately larger population samples sizes are warranted to
better understand the physiological processes altering isotopic
values of saturated and mono-unsaturated FA in addition to
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isotopic values of food sources. Larger datasets are also needed
to correct for isotopic “noise” introduced by each individuals’
life-history (i.e., catabolism), which may blur the energy source
signal from diet. Within this context, we suggest 82Hp N could
potentially be useful as life-history marker, and our results
establish an encouraging basis for future studies with flight-
time/distance and/or fasting periods. Finally, our study reveals
the power of compound-specific isotope analyses (CSIA) for a
detailed investigation of the migration routes and fuel sources
of insects and other migrating species.
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