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The fuelling capacity of migratory birds and their ability to avoid health con-
ditions derived from the subsequent fat overload are exceptional among
vertebrates. In this work, we screen the expression of the genes involved
in the production of ketone bodies (KB) in the liver of northern wheatears
(Oenanthe oenanthe) during the development and resolution of migratory fat-
tening. Thirteen genes were found to be regulated among the migratory
stages. Based on the dynamics of gene expression, we concluded that KB
play a versatile role in wheatears’ energy metabolism homeostasis. The keto-
genic pathway can adaptively: (i) provide carbon equivalents for lipogenesis,
speeding up fuelling; (ii) replace glucose during long-distance flights using
lipids as the substrate; (iii) act as a floodgate to avoid steatosis; and
(iv) might provide a metabolic solution to defatting in captive birds.
1. Introduction
Migratory birds can gain weight at a rate of more than 10% of their lean body
mass per day; some individuals double their weight—mostly through fat
stores—before the onset of migration [1–4]. Hyperphagia, increased digestion
efficiency, and specific metabolic adaptations are hypothesized to be involved
in such a rapid gain of fat reserves [5]. In captivity, after a few weeks remaining
‘very fat’, birds spontaneously start defatting, returning to their pre-migratory
weight [6–8]. Migratory birds’ lipid metabolism and the mechanisms to coun-
teract the adverse effects of obesity have evolved to fulfil the challenges of
endurance flights [9–11]. Ketogenesis is a versatile process related to global
energy homeostasis, linking lipids, carbohydrate and protein metabolism.
Thus, ketogenesis is an attractive mechanism to study in relation to migratory
fattening [12].

Ketone bodies (KB) are produced in the liver from fatty acids and certain
amino acids, usually under low carbohydrate availability [13]. KB are secreted
in the blood and used in peripheral tissues to replace glucose [14,15]. This
means that the energy contained in fatty acids is exported to organs that can
efficiently use KB as an energy source, such as the brain, kidneys and cardiac
muscle [12,13,16].

To provide a continuous supply of glucose to the brain during long flights is
challenging, because the liver glycogen reserves are limited and contribute to a
small fraction of the total energy necessary for migration [10,15,17]. The
amounts of liver glycogen stores have been shown to change seasonally in
some bird species, correlating negatively with lipid deposits [18,19]. During
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migration, ketogenesis may provide an alternative to gluco-
neogenesis, supplying energy to the brain during flight or
at poor stopover sites where fuel gain is not possible [20–22].

On the other hand, the role of ketogenesis has proved to be
versatile under feeding conditions [23]. Under those circum-
stances, acetoacetate is routed to the cytoplasm as a substrate
for lipogenesis [24,25]. In mammals, KB contribute between
54% and 80% of the carbon incorporated into fatty acids and
sterols, respectively, depending on the feeding state [23,26].

Simultaneously, while fuelling, ketogenesis may act as a
floodgate, keeping healthy levels of lipid stores and avoiding
obesity-related complications like inflammation [27–30].

In birds, changes in plasma KB concentration have also
been associated with their feeding and migratory status
[31–35]. Therefore, analysis of the expression of genes
involved in KB metabolism during the development and
resolution of the migratory phenotype in birds will help to
clarify their relevance with regard to migration.

In this work, we screened the expression of these genes by
RNA-Seq in the liver of a long-distance migratory passerine,
the northern wheatear (Oenanthe oenanthe), sampled in cap-
tivity at four different body mass stages (lean, fattening, fat,
defatting) during the autumnal migratory season.
2. Material and methods
This paper is one of a series analysing the seasonal biochemical
and molecular adaptations of O. oenanthe to migration. The pro-
cedures to collect the samples, isolate RNA and pre-process the
sequence data described here are similar to those referred to in
Frias-Soler et al. [36].

(a) Study species
The birds used in our study were raised in captivity at the Insti-
tute of Avian Research (Wilhelmshaven, Germany). To induce
the development of the migratory fattening, all wheatears
(except the ‘lean birds’ group, photoperiod 14 L : 10 D cycle)
were subjected to a 12 L : 2 D cycle at 20 ± 1°C room temperature
[37–39]. The body mass was recorded early in the morning every
day, before the birds received food, a diet supplemented with
mealworms [40]. The samples (n = 15) were collected based on
the course of the body mass changes: (1) lean, n = 4 (one bird
was sampled after completing the migratory cycle); (2) fattening,
n = 4; (3) fat (kept constant body mass ‘plateau’), n = 3; and (4)
defatting, n = 4; all birds independently of their initial body
mass, developed the migratory fattening (electronic supplemen-
tary material, table S1). Wheatears were euthanized following
Guglielmo et al. [41]. The tissue was frozen in liquid nitrogen
and stored at −80°C until RNA purification.

(b) RNA purification
For RNA purification, the GeneMATRIX Universal RNA Purifi-
cation Kit (Roboklon GmbH, Berlin, Germany) and Roche
(Roche GmbH, Germany) were used. We followed the general
recommendations for RNA isolation of Sambrook et al. [42].
Polymerase chain reaction (PCR) targeting the mitochondrial
cytochrome b gene was carried out, in order to check for the
absence of DNA. Amplifications were undertaken in a 30 µl reac-
tion volume containing 1.5 mM MgCl2, 100 µM dNTPs, one unit
of Taq DNA polymerase (Pharmacia Biotech, Munich, Germany),
4 µl of the RNA isolate and 5 pmol of each oligonucleotide
[43]: mta1, CCCCCTACCAACATCTCAGCATGATGAAACTTG;
and mtfr, CTAAGAAGGGTGGAGTCTTCAGTTTTTGGTT
TACAAGAC. The PCR programme consisted of three steps:
(i) denaturation at 94°C for 5 min; (ii) 35 cycles of denaturation
at 94°C for 25 s, annealing at 50°C for 2 min, and extension at
72°C for 2 min; followed by (iii) a final extension at 72°C for
10 min. The RNA concentration, cleanliness and integrity were
evaluated using standard spectrophotometric measurements
and 1.5% agarose gel electrophoresis [42].

(c) Library preparation and sequencing
RNA samples (28 s/18 s ratio≥ 1; RIN≥ 6.5; A260/A280≥ 1.8)
were sent to Beijing Genomics Institute (BGI), Hong Kong,
China, for sequencing.

The mRNAmolecules were purified from total RNA using oli-
go(dT)-attached magnetic beads, fragmented bands between 100
and 700 bp (major 200–300 bp) were selected. First-strand comp-
lementary DNA (cDNA) was generated using random hexamer-
primed reverse transcription, followed by second-strand cDNA
synthesis. The cDNAwas subjected to end-repair and was then 30

adenylated.Adapterswere ligated to the endsof these30 adenylated
cDNA fragments and the products were amplified by PCR. The
amplicons were purified with Agencourt AMPure XP beads (para-
magnetic bead-based technology). Library quality was validated
using the Agilent Technologies 2100 bioanalyzer. The double-
stranded PCR products were denatured, circularized and purified.
The single-strand circular DNA (ssCir DNA) was formatted as the
final library product for sequencing. The ssCir DNA library was
amplifiedwith phi29 to form aDNAnanoball (DNB), which gener-
ated around 300 copies of one single molecule. The DNBs were
loaded into the patterned nanoarray and pair-end reads of approxi-
mately 100 baseswere generated using the BGISEQ-500 sequencing
system. For a detailed description of the protocol, see [44–46]. The
raw sequence data (electronic supplementary material, table S3)
can be found in the Sequence Read Archive (SRA) database [47].

(d) RNA-Seq raw data quality control and filtering
Inspection of the original data was conducted using the FASTQC
software v. 0.11.9 [48]. For filtering the fastq files (pair-ends), TRIM-

MOMATIC-039 [49] was used, with the following parameters:
-phred33, cropping the first 15 bp (HEADCROP:15), removing 50

and 30 bases with quality below 3 in a 4-base read wide sliding
window, cutting when the average quality per base drops below
20 (LEADING:3 TRAILING:3 SLIDINGWINDOW:4:20), and
dropping reads shorter than 36 bp (MINLEN:36). The paired
reads which matched between both corresponding fastq files—
that is, forward and reverse—were employed for quantification.

(e) Mapping and quantification
KALLISTO [50]was employed to index the reference transcriptome [51]
andmap the paired reads from the cleaned fastq files. The raw count
matrix and thenormalizedestimationofgeneabundance (transcripts
per million, TPM) were generated for statistical analysis [52].

( f ) Statistics
The R package DESeq2 [53] was used for differential expression
analysis using shrunken log fold-changes values [54]; the rest of
the parameters were kept as default. The adjusted p-valuewas cal-
culated for each gene comparison, using the p < 0.05 threshold as
the nominal value to reject the null hypothesis of no significant
difference, or log2fold-change > 2 to consider a gene to be a candi-
date for being regulated. To correct p-values for multiple testing,
the Benjamini–Hochberg method was used, as implemented in
DESeq2. The comparisons were performed between all migratory
conditions. The p-value frequency distribution was also explored
in order to check for abnormal distributions.

The R programming language platform, v. 4.0.3, was
employed for statistical analysis and plotting [55].
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Figure 1. Interconnection among lipolysis, catabolism of amino acids and carbohydrates with ketogenesis and the biosynthesis of cholesterol, isoprenoids and fatty
acids [12,13,15,25] in the liver of wheatears at different migratory stages.
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3. Results and discussion
In this paper, we focus on discussing the metabolism of KB in
the context of the migratory fattening and defatting processes
of the northern wheatear.

Thirteen genes involved in ketogenesis were found to be
regulated between body mass conditions in the livers of
wheatears (electronic supplementary material, table S2). The
expression of these genes in different migratory conditions
shows how the pathway might contribute to fattening, the
control of fat overload and the provision of a metabolic
solution to defatting (figure 1).
(a) Role of ketone bodies during the feeding period
During the fattening and fat periods, the over-expression of
HMGCS2 and the cytoplasmic AACS may favour acetoacetate
usage—from amino acid and carbohydrate catabolism—for
lipogenesis, thus contributing to fat storage, new tissue
membrane generation and bile salt production [13,56].

The export of acetoacetate from the mitochondria to the
cytoplasm may act as a parallel and expedited mechanism
to the citrate–malate shuttle, in order to relocate carbon
equivalents (four, instead of the two from acetyl-CoA) for
lipogenesis [12,23]. Simultaneously the monocarboxylate
transporter 2 (SLC16A7), responsible for transporting KB
across the mitochondrial and cell membranes, is over-
expressed in fat birds in comparison to lean wheatears. This
may explain, at least partially, the rapid growth of fat deposits
while fuelling.
(b) Role of the ketone bodies in defatting
During the defatting period, the genes involved in ketogen-
esis showed the following pattern:

(i) increased expression of HADH (fatty acid catabolism),
and carnitine palmitoyltransferase 1A (CPT1A) and
CPT2 (electronic supplementary material table S2),
both of which are related to the mitochondrial uptake
of long-chain fatty acids for their subsequent beta-
oxidation. This suggests a sustained increment in
lipolysis, meaning that the acetyl-CoA pool is derived
mostly from fatty acids;

(ii) a decrement in the expression of HMGCS2 to its basal
level (approx. 600 TPM,mean) but a simultaneous over-
expression ofHMGCL and BDH1, the genes responsible
for the final two enzymatic steps of ketogenesis;

(iii) the monocarboxylate transporter 2 (SLC16A7)
exhibited a sustained increment towards the defatting
condition;

(iv) in the cytoplasm, AACS showed a decreased expression,
contributing to acetoacetate accumulation and indicat-
ing a reduced or even aborted lipogenesis; and

(v) the over-expression of cytosolic HMGCS1 in defatting
birds is puzzling, as its substrate (acetoacetyl-CoA)
theoretically has a low concentration. The upregula-
tion of HMGCS1 may be a compensatory reaction
owing to the lower input of diet cholesterol, this is
consistent with the expression of HMGCR.

HMGCS2 has been recognized as the rate-limiting step in
the production of KB [15], and is regulated at the transcrip-
tional level, by hormones, allosteric interactions and
covalent modifications [57]. Nevertheless, our data showed
that most of the genes involved in ketogenesis were under
transcriptional control in wheatears. It is essential to consider
that the basal expression of most of the studied genes was
relatively high (except for AACS). This means that the
production of KB is probably never aborted and the
transcriptional regulation of the pathway may help to adap-
tively redirect the metabolic flux for lipogenesis or the
ultimate production of KB.

During defatting, the over-expression of HMGCL and
BDH1, the increment of the upstream pathway substrate
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(acetyl-CoA) and the reduced demand for acetoacetate in the
cytoplasm owing to halted AACS transcription may displace
the metabolic flux towards β-hydroxybutyrate production, in
compensation for the reduced expression of HMGCS2.

The downregulation of HMGCS2may be a consequence of
fine-tuned regulation linked, for example, to the amount of fat
reserves, signals associated with the switch between fat/
defatting stages or metabolic status. Keeping HMGCS2 over-
expressed for a long time may actually be compromising as
fat reserves should be carefully depleted. Wheatears do not
undergo this pronounced defatting process in the wild; there,
fatty acids are valuable and are used simultaneously for
muscular contraction [10,11,58] and KB production as a
substitute for glucose [13,16]. Therefore, a reduction in the
amount of transcribed HMGCS2 would facilitate control over
the pathway’s limiting step and, consequently, over the defat-
ting process. Another point to consider is that, during
defatting, KB enter the bloodstream in a higher concentration,
a process that must be strictly controlled because of the risk of
ketoacidosis [59,60].

Fatty acids are catabolized to acetoacetate and β-hydroxybu-
tyrate to fuel different tissues, but acetoacetate can be
non-enzymatically decarboxylated to acetone and can be elimi-
nated by breathing [13]. The question therefore arises as to
what magnitude wheatears exhale part of their lipid reserves.

Regarding the use of wheatears as an orthologous model
for the study of obesity-related diseases, we can say that the
defatting process resembles the characteristics of the ‘keto-
genic diet’, based on low-sugar/high-fat meals. This diet
has been efficiently used in humans for weight loss and to
treat epilepsy [12,61–63].

4. Conclusion
The metabolism of KB and the putative adaptations
needed to counteract the metabolic challenges of ketosis (e.g.
ketoacidosis) deserve to be clarified in the context of avian
migration. Ketogenesis seems to have an adaptive function
during the development of the wheatear migratory
phenotype, as follows: (i) facilitating lipogenesis during the
accumulative phase through the use of carbon equivalents
from amino acids and carbohydrate catabolism; and (ii) contri-
buting to the control of steatosis and defatting by relocating
the energy stored in fatty acids in peripheral tissues through
the substitution of glucose. Further studies on the individual
expression trends of ketogenesis-related enzymes, as well as
their kinetic parameters and regulatory mechanisms, are
necessary to understand their role in migratory fattening.
This work supports previous findings, which have pointed
at ketogenesis as a potential target for the management of
obesity-related diseases in humans.

Ethics. The study was conducted according to the guidelines of the
German Animal Welfare Act and approved by the Zweckverband
Veterinäramt JadeWeser (42508-Te).

Data accessibility. The raw sequence data can be found in The
Sequence Read Archive (SRA) database from the National Center
for Biotechnology Information (NCBI; https://www.ncbi.nlm.nih.
gov/sra/) under the BioSample accessions: SAMN16177890-
SAMN16177904 [47].

Authors’ contributions. All authors have read, reviewed, edited and
agreed to the published version of the manuscript. R.C.F.-S. wrote
the paper, designed the methodology, sampled the birds, conducted
bioinformatics analysis and interpreted the data. N.K. participated in
sampling, the methodology design, reviewing and editing the manu-
script. L.V.P. participated on the methodology design and
conducting bioinformatics analysis. M.W. and F.B. are senior
researchers and participated on the conceptualization of the manu-
script, funding acquisition, supervision, reviewing and editing the
manuscript. All authors agree to be accountable for all aspects of
the work.

Competing interests. We declare we have no competing interests.
Funding. This research was supported by the Institute of Avian
Research, Wilhelmshaven, Germany and the Institute of Pharmacy
and Molecular Biotechnology, Heidelberg University, Germany.
R.C.F.-S. was supported by a fellowship from the German Academic
Exchange Service (DAAD) 2012–2016.
Acknowledgements. Wewant to thank Ewa Niwinsk, Götz Wagenknecht,
Iris Werner, Adolf Völk and Ulrich Meyer for their support in the
laboratory work and for taking care of the animals. Thanks to Dr
Daniel Bello Gil for his comments on the manuscript. We are grateful
to Brady Izquierdo Rodríguez for the graphical abstract illustration.
References
1. Piersma T, Pérez-Tris J, Mouritsen H, Bauchinger U,
Bairlein F. 2005 Is there a ‘migratory syndrome
‘common to all migrant birds? Ann. NY Acad. Sci.
1046, 282–293. (doi:10.1196/annals.1343.026)

2. Kelsey NA, Bairlein F. 2019 Migratory body
mass increase in northern wheatears
(Oenanthe oenanthe) is the accumulation of fat as
proven by quantitative magnetic resonance.
J. Ornithol. 160, 389–397. (doi:10.1007/s10336-
018-1621-5)

3. Maggini I, Spina F, Voigt CC, Ferri A, Bairlein F. 2013
Differential migration and body condition in
northern wheatears (Oenanthe oenanthe) at a
Mediterranean spring stopover site. J. Ornithol. 154,
321–328. (doi:10.1007/s10336-012-0896-1)

4. Schmaljohann H, Eikenaar C. 2017 How do energy
stores and changes in these affect departure
decisions by migratory birds? A critical view on
stopover ecology studies and some future
perspectives. J. Comp. Physiol. A 203, 411–429.
(doi:10.1007/s00359-017-1166-8)

5. Bairlein F. 2002 How to get fat: nutritional
mechanisms of seasonal fat accumulation in
migratory songbirds. Naturwissenschaften 89, 1–10.
(doi:10.1007/s00114-001-0279-6)

6. Odum EP. 1960 Premigratory hyperphagia in birds.
Am. J. Clin. Nutr. 8, 621–629. (doi:10.1093/ajcn/8.5.621)

7. Odum EP, Connell CE. 1956 Lipid levels in migrating
birds. Science 123, 892–894. (doi:10.1126/science.
123.3203.892-a)

8. Maggini I, Bairlein F. 2010 Endogenous rhythms of
seasonal migratory body mass changes and nocturnal
restlessness in different populations of northern
wheatear Oenanthe oenanthe. J. Biol. Rhythms 25,
268–276. (doi:10.1177/0748730410373442)

9. Guglielmo CG. 2010 Move that fatty acid: fuel selection
and transport in migratory birds and bats. Integr. Comp.
Biol. 50, 336–345. (doi:10.1093/icb/icq097)
10. Guglielmo CG. 2018 Obese super athletes: fat-
fueled migration in birds and bats. J. Exp.
Biol. 221(Suppl. 1), jeb165753. (doi:10.1242/
jeb.165753)

11. Mcwilliams SR, Guglielmo C, Pierce B, Klaassen M.
2004 Flying, fasting, and feeding in birds during
migration: a nutritional and physiological ecology
perspective. J. Avian Biol. 35, 377–393. (doi:10.
1111/j.0908-8857.2004.03378.x)

12. Puchalska P, Crawford PA. 2017 Multi-dimensional
roles of ketone bodies in fuel metabolism,
signaling, and therapeutics. Cell Metab. 25,
262–284. (doi:10.1016/j.cmet.2016.12.022)

13. Voet D, Voet JG, Pratt CW. 2013 Fundamentals of
biochemistry: life at the molecular level. Hoboken,
NJ: Wiley.

14. Landys MM et al. 2005 Metabolic profile of long-distance
migratory flight and stopover in a shorebird. Proc. R. Soc.
B 272, 295–302. (doi:10.1098/rspb.2004.2952)

https://www.ncbi.nlm.nih.gov/sra/
https://www.ncbi.nlm.nih.gov/sra/
https://www.ncbi.nlm.nih.gov/sra/
http://dx.doi.org/10.1196/annals.1343.026
http://dx.doi.org/10.1007/s10336-018-1621-5
http://dx.doi.org/10.1007/s10336-018-1621-5
http://dx.doi.org/10.1007/s10336-012-0896-1
http://dx.doi.org/10.1007/s00359-017-1166-8
http://dx.doi.org/10.1007/s00114-001-0279-6
http://dx.doi.org/10.1093/ajcn/8.5.621
http://dx.doi.org/10.1126/science.123.3203.892-a
http://dx.doi.org/10.1126/science.123.3203.892-a
http://dx.doi.org/10.1177/0748730410373442
http://dx.doi.org/10.1093/icb/icq097
http://dx.doi.org/10.1242/jeb.165753
http://dx.doi.org/10.1242/jeb.165753
http://dx.doi.org/10.1111/j.0908-8857.2004.03378.x
http://dx.doi.org/10.1111/j.0908-8857.2004.03378.x
http://dx.doi.org/10.1016/j.cmet.2016.12.022
http://dx.doi.org/10.1098/rspb.2004.2952


5

royalsocietypublishing.org/journal/rsbl
Biol.Lett.17:20210195

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

11
 A

ug
us

t 2
02

1 
15. Nelson DL, Cox MM, Lehninger AL. 2013 Lehninger
principles of biochemistry. New York, NY: W.H.
Freeman and Company.

16. Lamanna JC, Salem N, Puchowicz M, Erokwu B,
Koppaka S, Flask C, Lee Z. 2009 Ketones
suppress brain glucose consumption. Adv. Exp. Med.
Biol. 645, 301–306. (doi:10.1007/978-0-387-85998-
9_45)

17. Jenni-Eiermann S. 2017 Energy metabolism during
endurance flight and the post-flight recovery phase.
J. Comp. Physiol. A Neuroethol. Sensory Neural Behav.
Physiol. 203, 431–438. (doi:10.1007/s00359-017-1150-3)

18. Farner DS, Oksche A, Kamemoto FI, King JR,
Cheyney HE. 1961 A comparison of the effect of
long daily photoperiods on the pattern of energy
storage in migratory and non-migratory finches.
Comp. Biochem. Physiol. 2, 125–142. (doi:10.1016/
0010-406X(61)90144-X)

19. Pilo B, George JC. 1983 Diurnal and seasonal
variation in liver glycogen and fat in relation to
metabolic status of liver and M. pectoralis in the
migratory starling, Sturnus roseus, wintering in
India. Comp. Biochem. Physiol. A Comp. Physiol. 74,
601–604. (doi:10.1016/0300-9629(83)90554-6)

20. Weber TP, Fransson T, Houston AI. 1999 Should I
stay or should I go? Testing optimality models of
stopover decisions in migrating birds. Behav. Ecol.
Sociobiol. 46, 280–286. (doi:10.1007/
s002650050621)

21. Schaub M, Jenni L. 2001 Variation of fuelling rates
among sites, days and individuals in migrating
passerine birds. Funct. Ecol. 15, 584–594. (doi:10.
1046/j.0269-8463.2001.00568.x)

22. Dierschke V, Delingat J. 2001 Stopover behaviour
and departure decision of northern wheatears,
Oenanthe oenanthe, facing different onward non-
stop flight distances. Behav. Ecol. Sociobiol. 50,
535–545. (doi:10.1007/s002650100397)

23. Endemann G, Goetz PG, Edmond J, Brunengraber H.
1982 Lipogenesis from ketone bodies in the isolated
perfused rat liver. Evidence for the cytosolic
activation of acetoacetate. J. Biol. Chem. 257,
3434–3440. (doi:10.1016/S0021-9258(18)34796-3)

24. Aguilo F. 2015 The expression pattern of the
acetoacetyl-CoA synthetase and its kinetic
parameters facilitate the use of ketone bodies in
liver during feeding. J. Proteom. Enzymol. 4, 2.
(doi:10.4172/2470-1289.1000124)

25. Hasegawa S, Noda K, Maeda A, Matsuoka M,
Yamasaki M, Fukui T. 2012 Acetoacetyl-CoA
synthetase, a ketone body-utilizing enzyme, is
controlled by SREBP-2 and affects serum cholesterol
levels. Mol. Genet. Metab. 107, 553–560. (doi:10.
1016/j.ymgme.2012.08.017)

26. Geelen MJ, Lopes-Cardozo M, Edmond J.
1983 Acetoacetate: a major substrate for the
synthesis of cholesterol and fatty acids by
isolated rat hepatocytes. Fed. Eur. Biochem.
Soc. Lett. 163, 269–273. (doi:10.1016/0014-
5793(83)80833-3)

27. Holland AM et al. 2016 Effects of a ketogenic diet
on adipose tissue, liver, and serum biomarkers in
sedentary rats and rats that exercised via resisted
voluntary wheel running. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 311, R337–R351. (doi:10.
1152/ajpregu.00156.2016)

28. Alberti KG, Johnston DG, Gill A, Barnes AJ,
Orskov H. 1978 Hormonal regulation of ketone-body
metabolism in man. Biochem. Soc. Symp. 43,
163–182.

29. Bewsher PD, Tarrant ME, Ashmore J. 1966 Effects of
fat mobilization on liver acetate metabolism.
Diabetes 15, 346–350. (doi:10.2337/diab.15.5.346)

30. Cotter DG et al. 2014 Ketogenesis prevents diet-
induced fatty liver injury and hyperglycemia. J. Clin.
Invest. 124, 5175–5190. (doi:10.1172/JCI76388)

31. Guglielmo CG, O’hara PD, Williams TD. 2002
Extrinsic and intrinsic sources of variation in plasma
lipid metabolites of free-living western sandpipers
(Calidris mauri). The Auk 119, 437–445. (doi:10.
1093/auk/119.2.437)

32. Jenni-Eiermann S, Jenni L, Piersma T. 2002 Plasma
metabolites reflect seasonally changing metabolic
processes in a long-distance migrant shorebird
(Calidris canutus). Zoology (Jena) 105, 239–246.
(doi:10.1078/0944-2006-00066)

33. Seaman DA. 2005 Effects of physiological state,
mass change and diet on plasma metabolite
profiles in the western sandpiper Calidris mauri.
J. Exp. Biol. 208, 761–769. (doi:10.1242/jeb.01451)

34. Smith SB, Mcwilliams SR, Guglielmo CG. 2007 Effect
of diet composition on plasma metabolite profiles
in a migratory songbird. The Condor 109, 48–58.
(doi:10.1093/condor/109.1.48)

35. Pagano S, Mcwilliams S. 2009 Dietary
macronutrients affect lipid metabolites and body
composition of a migratory passerine, the white-
throated sparrow (Zonotrichia albicollis). Physiol.
Biochem. Zool. 82, 258–269. (doi:10.1086/597519)

36. Frias-Soler RC, Pildain LV, Pârâu LG, Wink M, Bairlein F.
2020 Transcriptome signatures in the brain of a
migratory songbird. Comp. Biochem. Physiol. D:
Genomics Proteomics 34, 100681. (doi:10.1016/j.cbd.
2020.100681)

37. Gwinner E. 1996 Circannual clocks in avian
reproduction and migration. Ibis 138, 47–63.
(doi:10.1111/j.1474-919X.1996.tb04312.x)

38. Gwinner E. 2003 Circannual rhythms in birds. Curr.
Opin Neurobiol. 13, 770–778. (doi:10.1016/j.conb.
2003.10.010)

39. Bulte M, Bairlein F. 2013 Endogenous control of
migratory behavior in Alaskan northern wheatears
Oenanthe oenanthe. J. Ornithol. 154, 567–570.
(doi:10.1007/s10336-012-0920-5)

40. Bairlein F. 1986 Ein Standardisiertes Futter für
ernährungsuntersuchungen an omnivoren
kleinvögeln. J. Ornithol. 127, 338–340. (doi:10.
1007/BF01640417)

41. Guglielmo CG, Haunerland NH, Williams TD. 1998
Fatty acid binding protein, a major protein in the
flight muscle of migrating western sandpipers.
Comp. Biochem. Physiol. Biochem. Mol. Biol. B 119,
549–555. (doi:10.1016/S0305-0491(98)00016-9)

42. Sambrook J, Fritsch EF, Maniatis T. 1989 Molecular
cloning: a laboratory manual. New York, NY: Cold
Spring Harbor Laboratory Press.
43. Wink M et al. 2002 Ein Eistaucher (Gavia immer) bei
düren-Fundgeschichte und erste genetische
Herkunftsuntersuchungen. Charadrius 38, 239–245.

44. Drmanac R et al. 2010 Human genome sequencing
using unchained base reads on self-assembling DNA
nanoarrays. Science 327, 78–81. (doi:10.1126/
science.1181498)

45. Huang J et al. 2017 A reference human genome
dataset of the BGISEQ-500 sequencer. GigaScience 6,
1–9. (doi:10.1093/gigascience/gix024)

46. Xu Y et al. 2019 A new massively parallel
nanoball sequencing platform for whole exome
research. BMC Bioinf. 20, 153. (doi:10.1186/s12859-
019-2751-3)

47. Frias-Soler RC, Kelsey NA, Pildaín LV, Wink M,
Bairlein F. 2021 Data from: The role of ketogenesis
in the migratory fattening of the northern wheatear
Oenanthe oenanthe. The Sequence Read Archive
(SRA) database. See https://www.ncbi.nlm.nih.gov/
Traces/study/?acc=PRJNA408074.

48. Andrews S. 2010 FastQC: a quality control tool for
high throughput sequence data, version 0.11.9. See
www.bioinformatics.babraham.ac.uk/projects/fastqc.

49. Bolger AM, Lohse M, Usadel B. 2014 Trimmomatic:
a flexible trimmer for Illumina sequence data.
Bioinformatics 30, 2114–2120. (doi:10.1093/
bioinformatics/btu170)

50. Bray NL, Pimentel H, Melsted P, Pachter L. 2016
Near-optimal probabilistic RNA-seq quantification.
Nat. Biotechnol. 34, 525–527. (doi:10.1038/
nbt.3519)

51. Frias-Soler RC, Pildaín LV, Wink M, Bairlein F. 2021
A revised and improved version of the northern
wheatear (Oenanthe oenanthe) transcriptome.
Diversity 13, 151. (doi:10.3390/d13040151)

52. Wagner GP, Kin K, Lynch VJ. 2012 Measurement of
mRNA abundance using RNA-seq data: RPKM measure
is inconsistent among samples. Theory Biosci. 131,
281–285. (doi:10.1007/s12064-012-0162-3)

53. Love MI, Huber W, Anders S. 2014 Moderated
estimation of fold change and dispersion for RNA-
Seq data with DESeq2. Genome Biol. 15, 550.
(doi:10.1186/s13059-014-0550-8)

54. Zhu A, Ibrahim JG, Love MI. 2018 Heavy-tailed prior
distributions for sequence count data: removing the
noise and preserving large differences.
Bioinformatics 35, 2084–2092. (doi:10.1093/
bioinformatics/bty895)

55. R-Core-Team. 2020 R: a language and environment
for statistical computing. Vienna, Austria:
R Foundation for Statistical Computing.

56. Alberts B et al. 2007 Molecular biology of the cell.
Abingdon, UK: Taylor & Francis Group.

57. Boukaftane Y, Duncan A, Wang S, Labuda D, Robert
M-F, Sarrazin J, Schappert K, Mitchell GA. 1994
Human mitochondrial HMG CoA synthase: liver
cDNA and partial genomic cloning, chromosome
mapping to 1p12-p13, and possible role in vertebrate
evolution. Genomics 23, 552–559. (doi:10.1006/geno.
1994.1542)

58. Bicudo EPWJ et al. 2010 Ecological and
environmental physiology of birds, 1st edn, p. 336.
Oxford, NY: Oxford University Press.

http://dx.doi.org/10.1007/978-0-387-85998-9_45
http://dx.doi.org/10.1007/978-0-387-85998-9_45
http://dx.doi.org/10.1007/s00359-017-1150-3
http://dx.doi.org/10.1016/0010-406X(61)90144-X
http://dx.doi.org/10.1016/0010-406X(61)90144-X
http://dx.doi.org/10.1016/0300-9629(83)90554-6
http://dx.doi.org/10.1007/s002650050621
http://dx.doi.org/10.1007/s002650050621
http://dx.doi.org/10.1046/j.0269-8463.2001.00568.x
http://dx.doi.org/10.1046/j.0269-8463.2001.00568.x
http://dx.doi.org/10.1007/s002650100397
http://dx.doi.org/10.1016/S0021-9258(18)34796-3
http://dx.doi.org/10.4172/2470-1289.1000124
http://dx.doi.org/10.1016/j.ymgme.2012.08.017
http://dx.doi.org/10.1016/j.ymgme.2012.08.017
http://dx.doi.org/10.1016/0014-5793(83)80833-3
http://dx.doi.org/10.1016/0014-5793(83)80833-3
http://dx.doi.org/10.1152/ajpregu.00156.2016
http://dx.doi.org/10.1152/ajpregu.00156.2016
http://dx.doi.org/10.2337/diab.15.5.346
http://dx.doi.org/10.1172/JCI76388
http://dx.doi.org/10.1093/auk/119.2.437
http://dx.doi.org/10.1093/auk/119.2.437
http://dx.doi.org/10.1078/0944-2006-00066
http://dx.doi.org/10.1242/jeb.01451
http://dx.doi.org/10.1093/condor/109.1.48
http://dx.doi.org/10.1086/597519
http://dx.doi.org/10.1016/j.cbd.2020.100681
http://dx.doi.org/10.1016/j.cbd.2020.100681
http://dx.doi.org/10.1111/j.1474-919X.1996.tb04312.x
http://dx.doi.org/10.1016/j.conb.2003.10.010
http://dx.doi.org/10.1016/j.conb.2003.10.010
http://dx.doi.org/10.1007/s10336-012-0920-5
http://dx.doi.org/10.1007/BF01640417
http://dx.doi.org/10.1007/BF01640417
http://dx.doi.org/10.1016/S0305-0491(98)00016-9
http://dx.doi.org/10.1126/science.1181498
http://dx.doi.org/10.1126/science.1181498
http://dx.doi.org/10.1093/gigascience/gix024
http://dx.doi.org/10.1186/s12859-019-2751-3
http://dx.doi.org/10.1186/s12859-019-2751-3
https://www.ncbi.nlm.nih.gov/Traces/study/?acc=PRJNA408074
https://www.ncbi.nlm.nih.gov/Traces/study/?acc=PRJNA408074
https://www.ncbi.nlm.nih.gov/Traces/study/?acc=PRJNA408074
https://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://dx.doi.org/10.1093/bioinformatics/btu170
http://dx.doi.org/10.1093/bioinformatics/btu170
http://dx.doi.org/10.1038/nbt.3519
http://dx.doi.org/10.1038/nbt.3519
http://dx.doi.org/10.3390/d13040151
http://dx.doi.org/10.1007/s12064-012-0162-3
http://dx.doi.org/10.1186/s13059-014-0550-8
http://dx.doi.org/10.1093/bioinformatics/bty895
http://dx.doi.org/10.1093/bioinformatics/bty895
http://dx.doi.org/10.1006/geno.1994.1542
http://dx.doi.org/10.1006/geno.1994.1542


6

royalsocietypublish
 D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//r
oy

al
so

ci
et

yp
ub

lis
hi

ng
.o

rg
/ o

n 
11

 A
ug

us
t 2

02
1 
59. Adrogué HJ, Eknoyan G, Suki WK. 1984 Diabetic
ketoacidosis: role of the kidney in the acid-base
homeostasis re-evaluated. Kidney Int. 25, 591–598.
(doi:10.1038/ki.1984.62)

60. Kitabchi AE, Wall BM. 1995 Diabetic ketoacidosis.
Med. Clin. North Am. 79, 9–37. (doi:10.1016/S0025-
7125(16)30082-7)
61. Paoli A. 2014 Ketogenic diet for obesity:
friend or foe? Int. J. Environ. Res. Public
Health 11, 2092–2107. (doi:10.3390/
ijerph110202092)

62. Gershuni VM, Yan SL, Medici V. 2018
Nutritional ketosis for weight management
and reversal of metabolic syndrome. Curr.
Nutr. Rep. 7, 97–106. (doi:10.1007/s13668-018-
0235-0)

63. Chang HT, Olson LK, Schwartz KA. 2013 Ketolytic
and glycolytic enzymatic expression profiles in
malignant gliomas: implication for ketogenic diet
therapy. Nutr. Metab. (Lond.) 10, 47. (doi:10.1186/
1743-7075-10-47)
i
ng.o
rg/journal/rsbl
Biol.Lett.17:20210195

http://dx.doi.org/10.1038/ki.1984.62
http://dx.doi.org/10.1016/S0025-7125(16)30082-7
http://dx.doi.org/10.1016/S0025-7125(16)30082-7
http://dx.doi.org/10.3390/ijerph110202092
http://dx.doi.org/10.3390/ijerph110202092
http://dx.doi.org/10.1007/s13668-018-0235-0
http://dx.doi.org/10.1007/s13668-018-0235-0
http://dx.doi.org/10.1186/1743-7075-10-47
http://dx.doi.org/10.1186/1743-7075-10-47

	The role of ketogenesis in the migratory fattening of the northern wheatear Oenanthe oenanthe
	Introduction
	Material and methods
	Study species
	RNA purification
	Library preparation and sequencing
	RNA-Seq raw data quality control and filtering
	Mapping and quantification
	Statistics

	Results and discussion
	Role of ketone bodies during the feeding period
	Role of the ketone bodies in defatting

	Conclusion
	Ethics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


