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A B S T R A C T   

The liver plays a principal role in avian migration. Here, we characterised the liver transcriptome of a long- 
distance migrant, the Northern Wheatear (Oenanthe oenanthe), sampled at different migratory stages, looking 
for molecular processes linked with adaptations to migration. The analysis of the differentially expressed genes 
suggested changes in the periods of the circadian rhythm, variation in the proportion of cells in G1/S cell-cycle 
stages and the putative polyploidization of this cell population. This may explain the dramatic increment in the 
liver’s metabolic capacities towards migration. Additionally, genes involved in anti-oxidative stress, detoxifi-
cation and innate immune responses, lipid metabolism, inflammation and angiogenesis were regulated. Lip-
ophagy and lipid catabolism were active at all migratory stages and increased towards the fattening and fat 
periods, explaining the relevance of lipolysis in controlling steatosis and maintaining liver health. Our study 
clears the way for future functional studies regarding long-distance avian migration.   

1. Introduction 

Long-distance migration poses extraordinary physiological, 
morphological, and behavioural challenges for birds. To accomplish 
such endurance journeys, sometimes crossing hundreds of kilometres in 
a single non-stop flight, birds rely on their innate navigational abilities 
[20,50,84,145], fat depots and muscular capacities [14,54,150,157]. 
Birds adapt to migration in advance, and it is easy to guess at the 
complexity of the metabolic structure behind such transformations 
[156]. Still, there is a lack of knowledge about the molecular aspects of 
the migratory phenotype. 

The liver is the largest internal organ and a major gland in verte-
brates. It plays a principal role in migratory fattening and global energy 
homeostasis through the control of lipid, glucose, and amino acid 
metabolism [81,141,149]. Detoxification and bile production take place 
in the liver, along with the homeostatic regulation of plasma constitu-
ents like albumin, apolipoproteins, coagulation factors and specialised 
transporters such as transferrin and retinol-binding proteins. Addition-
ally, antimicrobial peptides and components of the complement system 
involved in the innate immune defence are also synthesised in the liver 

[123,159]. It produces up to 90% of the body’s circulating innate im-
munity proteins and contains numerous resident immune cells 
[21,74,75,153]. A strong immune system is crucial for migrants, since 
crossing different ecosystems exposes birds to a wide variety of in-
fections [59]. Adult hepatocytes rarely undergo cell division. Never-
theless, they maintain an impressive replicative, proliferative, and 
metabolic capacity in response to toxic injuries or infections, allowing 
the maintenance of organismal homeostasis [141,187]. Polyploidization 
plays a determinant role in these processes augmenting the cellular ca-
pacities for transcription, protein biosynthesis and metabolism 
[76,189]. 

Due to the complexity of liver metabolism, its contribution to 
migration needs to be studied using integrative experimental designs 
and high-throughput technology. These techniques, either for genomic 
or transcriptomic (RNA-Seq) screening, have already been successfully 
used to study avian migration [52,69,73,94,99,167,168,175,176]. RNA- 
Seq approaches have the advantage of generating a posteriori informa-
tion that can be considered as a proxy for cellular metabolic status 
[79,99]. Thus, we focus on characterising the migratory phenotype of a 
long-distance migrant, the Northern Wheatear (Oenanthe oenanthe), 
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employing RNA-Seq data. 
Using transcriptomic information from the livers of wheatears 

sampled at different degrees of fat deposition (lean, fattening, fat, 
defatting) corresponding to different migratory stages, we identified key 
regulatory and metabolic pathways related to adaptations for migration, 
which are candidates for future functional studies. Since wheatears cope 
with harmless, extreme fluctuations of fat deposits, our data may 
contribute to the establishment of migratory birds as orthologous 
models for metabolic studies related to adaptations that may help to 
counteract the complications associated with obesity in humans. 

2. Methods 

2.1. Study species 

The Northern Wheatear has become a common bird model for 
studying the phenomenology of avian migration [33,131,169,202]. It 
breeds from north-western Africa across Europe and northern Asia to 
Alaska, Greenland and north-eastern Canada [46,170]. All wheatears 
travel to sub-Saharan Africa for wintering, meaning that the population 
from Alaska travels ~15,000 km twice a year [14]. This diversity of 
migratory strategies makes the species attractive to explore the genetic 
and functional basis of migration, mainly because the impressive colo-
nisation of new habitats only occurred in the last 10,000 to 15,000 years 
after the last glacial period in the northern hemisphere [151]. 

Wheatear subspecies like the Oenanthe oenanthe oenanthe (nominate 
wheatear), O. o. leucorhoa (Greenland wheatear) and O. o. seebohmi 
(Seebohm’s wheatear or Morocco wheatear) have been successfully bred 
and studied in captivity at the Institute of Avian Research in Wilhelm-
shaven, Germany. This provides a unique opportunity to conduct mo-
lecular studies on this widely distributed, long-distance migrant 
[13,14,130]. 

The wheatears used in our study were raised in captivity (outdoors 
under natural conditions) at the Institute of Avian Research in Wil-
helmshaven, Germany. Details on the birds’ pedigree, sex, age, and body 
mass changes can be found in Table S1. During the study period (late 
August to March 2019), wheatears were kept indoors at 20±1◦C (room 
temperature) in individual cages (50 × 40 × 40 cm) and fed a stand-
ardised diet [12] supplemented with some mealworms and ab libitum 
fresh water. 

Lean birds were sampled at the end of august, kept under a 14:10 h 
light/dark photoperiod cycle. To induce migratory fattening, birds were 
subjected to a light–dark cycle of 12 hours each as in other studies 
[33,84,85]. 

Body mass was recorded early in the morning each day before the 
birds received food. Samples (ntotal = 15) were collected based on the 
tendency for body mass change: i) lean birds before switching of 
photoperiod, n = 4 (one of the lean birds corresponded to an individual 
sampled after the resolution of its migratory fattening); ii) while 
fattening, n = 4; iii) after reaching the plateau of maximum fattening, fat 
n = 3; iv) while slimming, n = 4. Wheatears were euthanised in the 
morning [82]. The birds were immediately dissected and the liver tissue 
was frozen in liquid nitrogen and stored at − 80◦C until RNA 
purification. 

2.2. RNA purification 

The GeneMATRIX Universal RNA Purification Kit (Roboklon GmbH, 
Berlin, Germany) and Roche (Roche GmbH, Germany) kits were used for 
RNA purification. All samples were subjected to a second DNAse treat-
ment and a final column clean-up. We followed the general recom-
mendations for RNA isolation described by Sambrook et al. [216]. To 
check for the absence of genomic DNA, a PCR targeting the mitochon-
drial cytochrome b gene was carried out. Amplifications were under-
taken in a 30 μl reaction volume containing 1.5 mM MgCl2, 100 μM 
dNTPs, one unit of Taq DNA polymerase (Pharmacia Biotech, Munich, 

Germany), 4 μL of the RNA isolation and 5 pmol of each oligonucleotide 
[200], mta1: CCCCCTACCAACATCTCAGCATGATGAAACTTG and mtfr: 
CTAAGAAGGGTGGAGTCTTCAGTTTTTGGTTTACAAGAC. The PCR 
programme consisted of three steps: 1) denaturation at 94◦C for 5 min; 
2) 35 cycles, including denaturation at 94◦C for 25 s, annealing at 50◦C 
for 2 min, and extension at 72◦C for 2 min, followed by 3) a final 
extension at 72◦C for 10 min. RNA concentration, purity and integrity 
were evaluated using standard spectrophotometric measurements and 
1.5% agarose gel electrophoresis [216]. 

2.3. Sequencing 

2.3.1. Library preparation and sequencing 
RNA samples (28s/18s ratio≥1; RIN≥7; A260/A280≥1.8) were 

sequenced at the Beijing Genomics Institute (BGI), Hong Kong, China 
[132,148,173,214]. 

The mRNA was purified from total RNA using oligo (dT)-attached 
magnetic beads and fragmented bands between 100 and 700 bp (main 
200–300 bp) were selected. First-strand cDNA was generated using 
random hexamer-primed reverse transcription followed by second- 
strand cDNA synthesis. The cDNA was subjected to end repair fol-
lowed by 3’ adenylation. Adapters were ligated to the ends of the 3’ 
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 via the 
Agilent Technologies 2100 bioanalyzer. The double-stranded PCR 
products were denatured, circularised and purified. The single-stranded 
circular DNA (ssCir DNA) was formatted as the final library product for 
sequencing. The ssCir DNA library was amplified with phi29 to make 
DNA nanoballs (DNBs) that generated around 300 copies per molecule. 
The DNBs were loaded into the patterned nanoarray, and paired-end 
reads of ~100 bases were generated by the BGISEQ-500 sequencing 
system. Please see [58,95,204] for a detailed description of the protocol. 

2.3.2. RNA-Seq raw data quality control and filtering 
The original data was inspected using FastQC version 0.11.9 [3]. For 

filtering the fastq files and paired-end reads, Trimmomatic-039 [23] was 
used with the following parameters: -phred33, cropping the first 15 bp 
(headcrop:15), removing 5’ and 3’ bases with a quality below three with 
a sliding window width of four base reads, cutting when the average 
quality per base dropped below 25 (leading: 3, trailing: 3 sliding win-
dow: 4:20) and dropping reads shorter than 36 base pairs (bp) (mini-
mum length: 36). The paired reads that matched between both 
corresponding fastq files, forward and reverse, were employed for 
quantification. All filtered reads used for analysis have bases quality 
scores > Q29. 

2.3.3. Mapping and quantification 
Kallisto [29] was employed to index the reference transcriptome 

[70] and to map paired-end reads from the cleaned fastq files. The raw 
count matrix and the normalised gene abundance estimate (transcripts 
per million, TPM) were generated for statistical analysis and data visu-
alisation [196]. 

2.4. Statistics 

2.4.1. Differential gene expression analysis 
The R package DESeq2 [122] was employed to perform differential 

expression analysis using shrunken log-fold change values option, uti-
lising the ashr adaptive shrinkage estimator [181]; the rest of the pa-
rameters were kept as default. Shrunken log-fold changes are useful for 
ranking and visualisation, without arbitrary filters for low-count genes. 
Adjusted p-values were calculated for each gene comparison, and p-adj 
< 0.05 was set as the threshold nominal value to reject the null hy-
pothesis of no significant differences for a gene to be considered a 
candidate for regulation. For correcting p-values for multiple testing, the 
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Benjamini–Hochberg method was used and was implemented in 
DESeq2. Comparisons were performed by pairs of conditions. The p- 
value frequency distributions were also explored for abnormal distri-
butions (Fig. S1 in Table S2). 

2.5. Gene ontology analysis 

To identify relevant biological functions among candidate genes, the 
Gene Ontology (GO) terms from the UniProt database were used (www. 
uniprot.org, accessed in July 2020 [17]). UniProt IDs were loaded into 
the “retrieve/ID mapping” web page menu, and the “biological func-
tion” and the associated GO-IDs were harvested. We conducted GO term 
enrichment tests using http://pantherdb.org/, accessed in September 
2020 [140,188] as an initial exploratory approach for the data outputs. 
For further functional annotations of regulated genes, we employed the 
KAAS tool (KEGG Automatic Annotation Server, www.genome.jp/kegg 
/kaas; accessed in August 2020) [144]. We conducted an extensive 
manual review of the literature for the discussion of the biological 
functions presented in the manuscript. 

We screened our data in several ways to produce the most objective 
view of the molecular imprinting of the migratory phenotype in the 
search, e.g., by finding the most highly expressed genes, those with the 
highest expressions, fold changes between migratory conditions and 
ontology terms related with differentially expressed genes. For the 
graphical representation of genetic data, we used the tool Pathview, 
which maps, integrates and renders a wide variety of biological data on 
relevant pathway graphs [125,126] (visited in October to December 
2020). We used the R package scran 1.10.2 for cell cycle phase assign-
ment [124,171]. 

The R programming language platform (version 4.0.3) was employed 
for statistical analysis and plotting [160]. 

3. Results 

3.1. Sequencing outputs 

We were able to sequence the liver transcriptome of 15 wheatears 
with different body mass conditions using the BGISEQ-500 system. 
Conditions and corresponding migratory stages are indicated as follows: 
1: lean, non-migratory; 2: fattening, pre-migration/onset of migration; 
3: fat, migratory; 4: defatting, after migration. Table 1 shows the 
sequencing and mapping outputs statistics of our data. 

Around 3060 genes were found to be regulated among stages 
(padj<0.05), and some of them could be clearly linked to phenotypic 
changes associated with migration. 

Since the birds employed in our work were offspring of wheatears 

originally from different natural populations, it is not surprising that we 
found genes with high within-condition variation in their expression. 

3.2. Highly expressed genes in wheatear livers 

The 56 most abundant genes expressed in the livers of wheatears 
accounted for almost half of the total mRNA measured in our dataset. 
These genes are mostly involved in mitochondrial electron transport 
(cytochromes, ATP synthase F0 subunit 6), iron metabolism (ferritin 
heavy chain 1 and ferritin, middle subunit), cell proliferation (pancre-
atic progenitor cell differentiation and proliferation factor), innate im-
mune response (gallinacin-10, gallinacin-9, and ovoinhibitor), gas 
transport (haemoglobin), purine biosynthetic pathway (ATIC and 
PAICS), lipid transport (albumin and apolipoprotein A1), canonical 
glycolysis/gluconeogenesis pathways (fructose bisphosphatase 1, 
glyceraldehyde-3-phosphate dehydrogenase, phosphoenolpyruvate 
carboxykinase 1), protein refolding and degradation (heat shock pro-
teins and polyubiquitin), detoxification of electrophilic compounds 
(glutathione s-transferase a2), methionine/homocysteine metabolism 
(betaine homocysteine s-methyltransferase 1), tyrosine metabolism (4- 
hydroxyphenylpyruvate dioxygenase) and the control of inflammation 
(fetuin b, protein ambp and tnfaip3 interacting protein 1). Eighteen of 
these genes were regulated between conditions, mostly between the lean 
and fattening/fat stages (Fig. 1). 

3.3. Differential gene expression analysis 

In total, 5358 regulated genes were found (sum of all pairwise 
comparisons between conditions); among these, 3060 are unique 
(Table S2). 

Details of differentially expressed genes between conditions can be 
found in Table 2. Between lean/fattening wheatears, 933 transcripts 
were regulated. Of these, 527 were overexpressed in fattening birds (243 
are enzymes) with a mean expression of 110.9 TPM (five times higher 
than the genes overexpressed in lean individuals). These patterns show a 
clear signal for the activation of specific metabolic pathways related to 
migration. We did not find any genes that were differentially expressed 
between fattening and fat birds. 

Fig. 2A shows a heatmap with all regulated genes using the regu-
larised logarithm transformation count matrix from DESeq2. Pane B 
represents the arrangement of the individual samples based on PC1 and 
PC2 calculated using the corresponding variance-stabilising trans-
formation matrix. Pane C shows the genes with the highest loading 
contribution to PC1; among them, some genes related to innate immu-
nity, lipid transport, cell differentiation, electron mitochondrial trans-
port chain, tyrosine (Tyr) catabolism and iron transport stand out. Pane 
D represents the expression of some of the genes referred to in C as well 
as other genes involved in Tyr catabolism, showing a coherent incre-
ment in fattening and fat birds. 

3.4. Gene ontology 

Table 3 shows the representative ontology terms enriched among the 
3060 regulated genes in the wheatear livers. They are mostly related to 
lipid metabolism, peroxisome performance, energy precursor produc-
tion, amino acid catabolism, angiogenesis, cell shape, morphogenesis, 
cellular response to chemical stress and ageing. In parallel, functional 
annotation of these regulated genes using KAAS (KEGG Automatic 
Annotation Server) identified 381 pathways involved in cellular senes-
cence, non-alcoholic fatty liver disease (NAFLD), peroxisomes, the in-
sulin signalling pathway, the peroxisome proliferator-activated receptor 
(PPAR) signalling pathway as well as growth hormone synthesis, 
secretion and action, retrograde endocannabinoid signalling, dopami-
nergic synapses, the glucagon signalling pathway, circadian entrain-
ment and arachidonic acid metabolism. 

The better represented ontology terms (by simple gene frequency) 

Table 1 
Sequencing and post-filtering outputs of the 15 wheatear liver samples. Raw 
sequences: original number of reads sequenced by BGISEQ-500; processed 
reads: complete number of paired reads; pseudo aligned reads: reads aligned 
to the reference transcriptome by Kallisto; unique reads: reads mapped to a 
single position in the reference transcriptome; pseudo aligned (%): percentage 
of pseudo aligned reads, unique (%): percentage of unique reads. The number of 
annotated genes in the wheatear reference transcriptome is labelled with an 
asterisk (*); n trs: number of annotated genes found in the liver out of the total; 
trs > 5 transcripts per million (TPM): number of genes with more than 5 TPM; 
MAD: mean absolute deviation.  

Statistics Mean MAD 

Raw sequences 24,897,656 106,317 
Processed reads 22,888,904 458,780 
Pseudo aligned reads 20,584,409 421,116 
Unique reads 18,056,776 309,162 
Pseudo aligned (%) 90% 0.5% 
Unique (%) 79% 0.7%  

n trs: 10,285/10,323* 

trs > 5 TPM: 5616  
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among the differentially expressed genes in wheatear livers show that 
the genes that were regulated between lean birds and the other condi-
tions were mostly related to regulatory signals like transcription, cell 
proliferation/differentiation, neutrophil degranulation and signal 
transduction. 

Between the transitional stages of fattening and defatting, terms 
appeared to be related to the ubiquitin-dependent protein catabolic 
process and metabolic pathways like lipid and carbohydrate meta-
bolism. The regulated genes between fat and defatting birds were more 
frequently involved in transcription, protein modification and intracel-
lular signal transduction as well as metabolic processes such as keto-
genesis, fatty acid beta oxidation and innate immune response. The 
complete list of enriched GO terms as well as the most frequent and main 

metabolic pathways identified among the regulated genes is docu-
mented in Table S3. 

3.5. Regulated genes with the greatest fold changes between conditions 

Fig. 3 illustrates some of the regulated transcripts with the highest 
expression switches between conditions, including caveolin 2 (CAV2; 
involved in hepatic lipid accumulation and proliferation), pancreatic 
progenitor cell differentiation and proliferation factor like (PPDPFL; cell 
differentiation; one of the highly expressed genes), melatonin receptor 
type 1C (MTNR1C; circadian rhythm), cyclin-dependent kinase inhibitor 
1a (CDKN1A; cell cycle arrest), inhibin beta E subunit (INHBE; cell 
development), diazepam binding inhibitor (DBI; lipid metabolism and 
modulation of GABAergic synapsis), DOPA decarboxylase (DDC; dopa-
mine biosynthetic process and circadian rhythm), iodothyronine deio-
dinase 2 (DIO2; thyroid hormone generation), thyroid hormone- 
inducible hepatic protein (THRSP, regulation of lipogenesis), mono-
amine oxidase A (MAOA; dopamine, norepinephrine and serotonin 
catabolism), g0/g1 switch 2 (GOS2; cold-induced thermogenesis and 
lipase inhibitor), melanocortin 5 receptor (MC5R; sebum production, FA 
oxidation) and perilipin 1 (PLIN1; lipid catabolism). 

3.6. Regulatory pathways, circadian clock and PPAR genes 

Some of the core circadian “clock” genes have been found to be 
regulated between different migratory stages. This is a fact of a signifi-
cant transcendence, as the entrained circadian clocks coordinate tissue- 
specific metabolic activity with environmental and physiological cues to 
optimise cellular performance. We examined the expression patterns of 
clock genes and the genes they control and used the corresponding in-
formation to construct a hierarchy and organise the analysis of tran-
scriptomic data. 

The heterodimer formed by clock circadian regulator (CLOCK) and 

Fig. 1. Expression patterns of the genes that account for approximately half of the total transcripts (TPM) in the livers of wheatears. Eighteen of these genes are 
regulated between the conditions indicated as follows: 1: lean; 2: fattening; 3: fat; 4: defatting. Colours indicate the degree of gene expression. 

Table 2 
Regulated genes in wheatear livers between different body mass conditions. The 
number of genes encoding enzymes and the mean expression of the genes up- 
regulated under each condition are also given.   

DE genes Mean 
TPM 

Genes encoding 
enzymes 

Lean vs. fattening up lean: 406 22.2 81 (19.95%) 
up fattening: 
527 

110.9 243 (46.11%) 

Lean vs. fat up lean: 1368 45.8 295 (21.56%) 
up fat.: 1155 77.9 452 (39.13%) 

Lean vs. defatting up lean: 838 58.1 167 (19.92%) 
up defatting: 
786 

58.6 259 (32.95%) 

Fattening vs. fat 0 0 0 
Fattening vs. 

defatting 
up fattening.: 78 981 41(52.56%) 
up defatting: 
103 

75.2 30 (29.12%) 

Fat vs. defatting up fat: 52 164.9 31 (59.6%) 
up defatting: 55 39.8 12 (21.8%)  
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aryl hydrocarbon receptor nuclear translocator like (ARNTL/BMAL1) is 
the core of the circadian cycle in the central nervous system and pe-
ripheral tissues (Figs. 4 and 6A). 

3.7. Genes under the control of circadian oscillators 

Since the amplitudes of circadian oscillations in the liver of wheat-
ears are modulated throughout the migratory season, we screened our 
data for putative genes controlled by CLOCK following the work of 
Yoshitane et al. [209]. 

In total, 1110 of these genes were found in the liver and 390 were 
regulated. Of these, 17 were related to lipid metabolism, three to bile 
secretion (UDP-glucuronosyltransferase 1-1, epoxide hydrolase 1 and 
neutral cholesterol ester hydrolase 1), two to the tricarboxylic acid cycle 
(TCA; phosphoenolpyruvate carboxykinase 1 and succinate-CoA ligase 
GDP-forming beta subunit) and 26 transcription factors (TFs) with four 
different recognisable expression patterns (Figs. 5 and 6). Other genes 
were involved in metabolic pathways (72 genes), the biosynthesis of 
secondary metabolites (23), cellular senescence (11), insulin resistance 
(8), the adipocytokine signalling pathway (7), peroxisome (6), the PPAR 

signalling pathway (5), the insulin signalling pathway (6), the glucagon 
signalling pathway (5), pluripotency regulation for stem cells (5) and 
cell cycles (5), among others (Table S4). 

Following the expression of the transcription regulator BACH 
(BACH1; see Fig. 6C) and its link with the stress-induced enzyme heme 
oxygenase 1 (HMOX1; involved in heme degradation and heme de-
rivatives biliverdin/bilirubin mediated anti-oxidative properties), we 
explored the expression of canonical enzymes responsible for cellular 
redox homeostasis. Catalases (CAT), glutathione peroxidases (GPXs), 
peroxiredoxins (PRDXs) and superoxide dismutases (SODs) showed 
different expression levels and sometimes opposite trends throughout 
the season. Most of them were overexpressed in fat wheatears, rein-
forcing the idea that increased metabolic activity and fat accumulation 
are challenging for the liver from an oxidative point of view (Fig. 7). 

Given the close link between cell-cycle stages and metabolism as well 
as the evidence in our data based on the expression patterns of tran-
scription factors and other genes involved in cell growth and differen-
tiation, we tested the hypothesis that liver cells might switch/ 
synchronize to one specific cell cycle stage as an adaptation to migra-
tion. For this purpose, we used the approach from Scialdone et al. [171] 

Fig. 2. A: Heatmap of all regulated genes in the livers of wheatears. B: PCA plot showing the split of birds according to their body mass condition. C: Genes with the 
highest loading contribution to PC1. D: Expression trends of some genes referred to in C as well as other genes involved in Tyr catabolism: fumarylacetoacetate 
hydrolase (FAH) (ns), homogentisate 1, 2-dioxygenase (HGD) (1-2, 1-3)* and tyrosine aminotransferase (TAT) (ns). Ovoinhibitor (OIH) (1-3)* highly contributes to PC2. 
Some of these transcripts are also among the most highly expressed liver genes (see Fig. 1). (*) refers to the comparisons where the gene was regulated, with lean 
coded as 1, fattening (“fatt”) as 2, fat as 3, and defatting (“defat”) as 4. 
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(R package scran, [124]). 
The analysis showed that cells were in G1 or S phase, with null 

probability that they were in G2 or mitosis. Of note are the changes in 
the mean proportion of cells in G1 along the season: average lean: 0.68; 
fattening: 0.59; fat: 0.54; defatting: 0.57. This reveals an important 
connection between changes in the circadian cycle, stage of the cell 
cycle and cellular metabolism regarding liver performance during 
migration (Fig. 8). 

3.8. Regulated genes under the control of PPAR-α 

Given the relevance of peroxisome proliferator-activated receptor 
alpha (PPAR-α) in lipid metabolism, we explored the behaviour of genes 
under its control and of both PPAR-α and CLOCK simultaneously. Sixty- 
three genes controlled by PPAR-α (see [63]) were found in our data, with 
30 genes regulated under different conditions and eight out of them 
under CLOCK and PPAR-α control (Tables 4 and Table S5). 

4. Discussion 

In this work, we sequenced the liver transcriptomes of 15 captive 
wheatears with different body mass conditions during the development 
and resolution of their autumnal migratory phenotype. In the studied 
stages, 3060 unique regulated genes were found. 

When discussing our results, it should be kept in mind that tran-
scriptomic data is only a proxy for the cellular status, since there are 
many layers of complexity between the transcriptomic profile and 
phenotype [79,116]. This is particularly true for transcriptomes from 
complex organs like the liver, which consist of many cell types with 
compartmentalisation of molecular functions [18,25,56,87,128,137]. 
Thus, our data should be considered as a source for hypotheses that need 
to be tested with further functional studies. 

4.1. Top genes expressed in wheatear livers 

Around 56 genes account for about 50% of the estimated total 
amount of mRNA in the liver of wheatears. Eighteen of these genes were 
regulated between conditions, i.e., mostly between lean and fattening/ 
fat birds. It is remarkable since significant overexpression of genes with 
large counts is energetically and logistically challenging for cells 
[10,44,107]. Out of those 56 genes, just 15 (five differentially 
expressed) exhibited decreased expression toward the migratory stages. 
The remaining transcripts increased their counts in fattening and fat 
birds, and this trend is consistent with the expression patterns of the 
other regulated genes (Table 2). The function of some of the most 
abundant transcripts is discussed below. 

4.2. Energetic metabolism, mitochondrial genes, lipid transport and 
control of the cellular stress 

Mitochondrial proteins are among the top expressed transcripts in 
wheatear livers (Fig. 1). This finding is not surprising, since mitochon-
dria are abundant in hepatocytes and each organelle carries multiple 
copies of its genome, which are transcribed independently of the nuclear 
machinery [149]. 

Two enzymes related to the purine biosynthetic pathway (ATIC and 
PAICS) increased their expression in fattening and fat birds. Purines, 
besides the biosynthesis of DNA and RNA precursors, are components of 
the major energetic currencies ATP/GTP, and cofactors such as nico-
tinamide adenine dinucleotide (NAD) and coenzyme A (CoA) [155], all 
supportive molecules of the basal metabolism [195]. Genes involved in 
the canonical glycolytic/gluconeogenic pathways are among the most 
abundant genes in wheatear livers, an organ well-known for its role in 
maintaining global glucose homeostasis [149]. 

Albumin and apolipoprotein A1 are proteins responsible for the lipid 
transport between the liver and peripheral tissues, and they also top the 
ranking [147,149]. Similarly, genes involved in counteracting misfolded 
protein overloads like heat shock proteins and polyubiquitin [118,121] 
and damage by electrophilic compounds (mostly products of poly-
unsaturated fatty acids) are abundant. This agrees with the increment of 
the metabolic activity towards migration. 

4.2.1. Cell proliferation 
The pancreatic progenitor cell differentiation and proliferation fac-

tor (PPDPF) was regulated between lean (12,863.6 TPM) and fat birds 
(7028.5 TPM) and also featured one of the highest expression changes 
(Fig. 3). This gene has remained poorly studied until now, although it 
has been associated to promote pancreas development through the 
control of cell cycle-related genes [101,133]. The magnitude and dra-
matic change in the expression of PPDPF makes it a key candidate reg-
ulatory element in the development of the migratory phenotype in 
wheatears that deserves further study. Other genes involved in the 
regulation of cell cycle are discussed below. 

Table 3 
Representative enriched ontology terms among the 3060 differentially 
expressed genes in the wheatear livers. Pathway specific ID and number of genes 
found in wheatears are given in parentheses. Summary from http://pantherdb. 
org; more details can be found in Table S3.  

GO biological process Fold 
enrichment 

p-value 

Fatty acid beta oxidation (GO:0006635) (31) 3.65 
7.01E- 
04 

Dicarboxylic acid metabolic process (GO:0043648) 
(47) 3.41 

1.92E- 
06 

Peroxisome organization (GO:0007031) (41) 3.18 
1.28E- 
04 

Nucleoside bisphosphate biosynthetic process 
(GO:0033866) (29) 

3.14 1.94E- 
02 

Purine nucleoside bisphosphate biosynthetic process 
(GO:0034033) (29) 3.14 

1.94E- 
02 

Alpha-amino acid catabolic process (GO:1901606) (46) 3.05 
6.10E- 
05 

Monocarboxylic acid catabolic process (GO:0072329) 
(51) 

2.88 4.83E- 
05 

Lipid modification (GO:0030258) (80) 2.34 6.26E- 
06 

Fatty acid metabolic process (GO:0006631) (110) 2.29 
1.43E- 
08 

Cellular respiration (GO:0045333) (52) 2.25 
1.81E- 
02 

Glycerophospholipid metabolic process (GO:0006650) 
(101) 

2.12 4.33E- 
06 

Glycerolipid metabolic process (GO:0046486) (120) 2.07 3.29E- 
07 

Phospholipid metabolic process (GO:0006644) (117) 2.03 
1.56E- 
06 

Angiogenesis (GO:0001525) (95) 2.01 
1.24E- 
04 

Generation of precursor metabolites and energy 
(GO:0006091) (119) 

1.97 5.54E- 
06 

Regulation of actin cytoskeleton organization 
(GO:0032956) (105) 

1.97 6.12E- 
05 

Ageing (GO:0007568) (78) 1.91 
1.71E- 
02 

Regulation of cell morphogenesis involved in 
differentiation (GO:0010769) (87) 

1.88 
7.01E- 
03 

Cellular response to chemical stress (GO:0062197) (79) 1.87 2.55E- 
02 

Lipid biosynthetic process (GO:0008610) (165) 1.87 7.73E- 
08 

Regulation of cellular component size (GO:0032535) 
(106) 1.84 

8.83E- 
04 

Blood vessel development (GO:0001568) (134) 1.81 
3.90E- 
05 

Regulation of vasculature development (GO:1901342) 
(90) 

1.81 1.63E- 
02  
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4.2.2. Immune response 
Gallinacin 9 (GAL9), GAL10 and ovoinhibitor (OIH) are antimicro-

bial peptides. Gallinacins belong to a family of cationic peptides with 
potent activity against bacteria, enveloped viruses and fungi. OIH is a 
repressor of serine protease, which is an inhibitor of viral replication 
commonly found in eggs [24,142,203]. The continuous exposure to 
different pathogens during migration is a significant challenge for a 
bird’s immune system [60]. Developing a robust initial innate response 
may represent a less costly reaction towards new infections [114,136]. 
Our genetic data agree with previous information regarding innate im-
mune response in wheatears, where the microbial killing capacity 
against E. coli was positively related to fat stores [59]. 

4.2.3. Control of inflammation 
Inflammation is tightly linked to obesity-related complications in 

humans, and wheatears seem to be able to effectively counteract these 
issues. Among the top genes expressed in wheatear livers, some are 
critical players in regulating inflammatory response in mammals and 
deserve a brief discussion. 

Fetuin-B (lean: 2219, fattening: 1677, fat: 1496, defatting: 2256, 
TPM) is a secreted protein and a specific antagonist of ovastacin and 
meprin-metalloproteinases [105]. Meprin’s inhibition by fetuin-B in-
terferes with the extracellular matrix assembly, affecting angiogenesis, 
immune defence (with implications for inflammation), fibrosis and 
other chronic diseases [105]. It is widely accepted that excessive 
extracellular matrix turnover and deposition are linked with chronic 
inflammatory diseases [7]. Fetuin-B has been found overexpressed in 
humans with liver steatosis and patients with type 2 diabetes, inducing 
pro-inflammatory signalling and insulin resistance in cultured cells, 
myotubes and hepatocytes in mice [139]. In wheatears, fetuin-B 
expression shows a negative correlation with body mass gain, which is 
an opposite trend to the one associated with illness in humans. 

Another gene, a component of class I major histocompatibility 
complex, is highly expressed in wheatears: beta-2-microglobulin (β2M). 

An abnormal blood β2M level is associated with multiple diseases like 
inflammation as well as liver or renal dysfunction [117]. In wheatears, 
and similarly to fetuin-B, expression of β2M decreases in fattening/fat 
birds, which can be interpreted as a signal for appropriate management 
of pro-inflammatory insults. 

A transcription factor under the regulation of the CLOCK gene and 
whose expression continuously increases from lean to defatting birds is 
transcriptional repressor NFX1, which regulates the duration of an in-
flammatory response by limiting the period in which MHC-II molecules 
are induced by interferon gamma [6,180]. Two other highly expressed 
genes include the protein ambp and tnfaip3 interacting protein 1, which 
are also involved in regulating immune response and inflammation 
[86,174,192]. 

It is well known that adaptive immune responses in the liver are 
suboptimal and biased towards tolerance [49]. This raises the question 
whether wheatears have become more tolerant to inflammation as an 
adaptation to migratory fattening. 

4.3. Differentially expressed genes between body mass conditions 

All birds developed migratory fattening independent of their pedi-
gree, and no significant differences in gene expression were found be-
tween fattening and fat birds. This is an important finding, especially for 
field ornithologists, because birds alternate between these conditions at 
stopover locations. The fact that an individual sampled after completing 
its migratory cycle clustered with the lean birds points out that any 
“lean” state during migration is due to fat store exhaustion, rather than 
changes in gene expression, at least in the liver. 

Principal component analysis shows that PC1 split the lean and fat 
birds well, while the transitional phases lie between these two groups 
and are resolved by the second component. Some of the genes with the 
greatest contribution to PC1 are among the top expressed genes, like 
PPDPF, gallinacins and lipoproteins. Others are ovotransferrin and 4- 
hydroxyphenylpyruvate dioxygenase (HPD) (see Fig. 2). 

Fig. 3. Some of the differentially expressed genes in the liver of wheatears with the highest fold changes in expression between conditions: caveolin 2 (CAV2) (2-4)*, 
cyclin-dependent kinase inhibitor 1A (CDKN1A) (1-2, 1-3, 2-4, 3-4)*, diazepam binding inhibitor (DBI) (1-2, 1-3, 1-4)*, DOPA decarboxylase (DDC) (1-2, 1-3, 1-4)*, iodo-
thyronine deiodinase 2 (DIO2) (1-3, 1-4)*, g0/g1 switch 2 (G0S2) (1-2, 1-3, 1-4)*, inhibin beta E subunit (INHBE) (1-2, 1-3, 1-4)*, monoamine oxidase A (MAOA) (1-2, 1-3, 1- 

4)*, melanocortin 5 receptor (MC5R) (1-2, 1-3, 1-4)*, melatonin receptor type 1c (MTNR1C) (1-2, 1-3, 3-4)*, perilipin 1 (PLIN1) (1-4, 2-4)*, pancreatic progenitor cell 
differentiation and proliferation factor like (PPDPFL) (1-4, 2-4)*, and thyroid hormone-inducible hepatic protein (THRSP) (1-3, 1-4)*. (*) refers to the comparisons where 
the gene was regulated, with lean coded as 1, fattening (“fatt”) as 2, fat as 3, and defatting (“defat”) as 4. 
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The relevance of iron metabolism is highlighted by the expression of 
ovotransferrin and ferritin chains involved in iron transport and storage, 
respectively [149,195]. Ovotransferrin also has antimicrobial properties 
and is even used as a food additive [201]. 

HPD is one of five enzymes responsible for L-phenylalanine/tyrosine 
(Phe/Tyr) degradation in the liver, and Tyr metabolism has pleiotropic 
effects on physiology [1]. 

The particular regulation and magnitude of Tyr metabolism in 
wheatears might be related to their insectivorous diet. Haematophagous 
species ingest many times their body weight in blood and are rich in 
proteins. Some taxa even accumulate Tyr as Tyr-rich proteins in their 
haemolymph [182,183]. The amino acid is used for the biosynthesis of 
biogenic amines, melanins, and ommochromes [115] or is catabolised 
for ATP production. It is crucial for insect oogenesis, innate immune 
response and survival. Insects require Tyr for cuticle hardening and 
pathogen melanisation as a central element of their immune system 
[4,30,182]. 

It needs to be clarified whether the pathway of Phe (essential amino 
acid)/Tyr catabolism is particularly regulated as an adaptation to the 
wheatears’ insectivorous diet or whether it follows the general trend for 
the other amino acids degradation pathways. 

Phenylalanine and tyrosine have been reported as obesity markers. 
Tyr concentrations have been connected with predicting successful 
weight loss following dietary and physical activity interventions. 
Moreover, phenylalanine concentrations have been found to be higher 
in obese persons, and tyrosine levels have been linked with increasing 
hepatic fat contents (reviewed by [162]). 

All genes involved in Tyr catabolism had the same expression pattern 
along the season; nevertheless, none were apparently regulated, and the 

enzyme maleylacetoacetate isomerase was not found in our data, 
probably due to incomplete transcript annotation. 

4.3.1. Genes with the highest fold changes between conditions 
Analysis of some genes with the highest expression changes between 

conditions can also explain the underlying processes linked to 
migration. 

For example, two genes related to the metabolism of amines are 
turned on during the migratory period: DOPA decarboxylase (DDC; 
dopamine biosynthesis, Phe/Tyr decarboxylation) [184] and mono-
amine oxidase A (MAOA, oxidative deamination of amines, such as 
dopamine, norepinephrine and serotonin) [8]. These compounds have 
huge effects on behaviour, liver and body physiology, like appetite and 
fight-or-flight response [62]. Serotonin in the liver influences hepatic 
blood flow, innervation and wound healing [166]. Thus, these genes and 
the related metabolites that are present are candidates for further 
studies. 

Two transcripts involved in thyroid hormone signalling are upregu-
lated in fat birds and deserve special attention due to the transcendence 
of thyroid hormones in controlling energetic metabolism: iodothyronine 
deiodinase 2 (DIO2) and thyroid hormone-inducible hepatic protein 
(THRSP). 

DIO2, monodeiodinate the 3,5,3’,5’ tetraiodothyronine (T4) to 
3,5,3’ triiodothyronine (T3). T3 is the most active thyroid hormone and 
is associated with both energy expenditure/lipolysis and the stimulation 
of de novo lipogenesis [134]. T3 induces the activity of THRSP, which 
positively regulates malic enzyme transcription. This enzyme catalyses a 
rate-limiting step in fatty acid biosynthesis and has a similar expression 
pattern as THRSP, with a peak in fat birds [43]. 

Fig. 4. Expression pattern of the core circadian genes in the wheatear liver, contrasting lean with the fattening, fat and defatting stages (each comparison is rep-
resented in 1/3 of the gene box from left to right, matching with the gene colour scales; red: normalised expression ratio > 0; green: expression ratio < 0; expression 
ratio = TPM (fatt | fat | defatting) / TPM (lean)). Diagram from Pathview Web. 
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The biological functions of melatonin receptor type 1c, diazepam 
binding inhibitor, cyclin-dependent kinase inhibitor 1a, inhibin beta E 
subunit and g0/g1 switch 2 (also with a high log2 fold change) will be 
analysed in the discussion’s context of other candidate genes. 

4.4. Link between migration, metabolism, cell cycle and circadian rhythm 
in the livers of wheatears 

The leading global processes that stand out from the ontological 
analysis of our data are the regulation of cell cycle progression, cell 
growth, differentiation and circadian rhythm. 

Given the close link between cell cycle progression and cellular 
metabolic activity, we explored the matching between the tran-
scriptomic profiles of our samples and the standards for each cell cycle 
stage by following the work of Scialdone at al.[171]. We found differ-
ences in the proportions of cells in G1/S stages between body mass 
conditions (~14% decrement lean vs fat) (Fig. 8). The changes in cell 
proportions between cell cycle stages might be linked to a particular 
characteristic of hepatocytes, namely polyploidization. 

In adult rodents, about 70% of hepatocytes are tetraploids, and in 
humans this proportion can be up to 50% ([76] b). The consequences of 
polyploidization remain puzzling and virtually unexplored in birds [2]. 
Hepatocytes can modulate ploidy in response to different stimuli or 
damage, like a partial hepatectomy, metabolic overload, oxidative stress 

or toxic insult. At least one investigation has shown that loss of circadian 
rhythm in mice per − /− in the liver is characterised by hepatocyte pol-
yploidization [40]. 

The duplication of DNA content is likely followed by enhanced 
production of mRNA and proteins, which may increase the cellular 
metabolic capacity. In rodents, hepatocyte polyploidization is associated 
with dietary modifications as well as insulin and thyroid hormone sig-
nalling, meaning that it is a dynamic and adaptive process 
[76,110,189,211]. Polyploidization could be an explanation for the 
rapid on-demand metabolic adjustment of the liver to migration. 

In birds, there are only a few, mostly older reports about poly-
ploidization [26]. At least one report confirms polynucleated hepato-
cytes in chicken embryos [138]. Similar findings have been reported for 
the cardiomyocytes of 36 bird species belonging to ten orders [2]. 

Several models have been proposed to explain polyploidization in 
the liver, one of which is endoreduplication. In this process, cells 
oscillate between S and G phases without entering mitosis, which 
matches with our results assigning each sample a null probability of 
being in a mitotic stage [76]. Therefore, the fact that not all cells are 
synchronised in the same cell cycle state and have different metabolic 
capacity, together with evidence of liver cellular zonation and com-
partmentalisation of functions [128], opens a new perspective on how 
the liver may adapt to migration. 

Fig. 5. Expressions (TPM, row normalised) of genes related to lipid metabolism (17 genes), bile secretion (3) and TCA (2), all under the putative control of the clock 
circadian regulator (CLOCK). They are mostly down-regulated in lean wheatears. Other genes involved in bile salt biosynthesis are also included here, such as 
cytochrome p450 family 27 subfamily a member 1, hydroxy-delta-5-steroid dehydrogenase, acyl-CoA oxidase 2, cytochrome p450 family 7 subfamily b member 1, 
cytochrome p450 family 46 subfamily a member 1, and 3-beta-hydroxysteroid dehydrogenase type 7. “Defat” means defatting and “fatt” means fattening. 
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4.4.1. Circadian core genes are regulated towards migration 
Circadian rhythm entrainment is of paramount importance for 

cellular, tissular and organ homeostasis, especially for migratory birds 

that are continuously exposed to a changing photoperiod, feeding 
regime and sleeping time [156]. The heterodimer formed by CLOCK and 
ARNTL is the core of the circadian regulator in the central nervous 

Fig. 6. Expression patterns (in TPM), mean, and standard deviations of transcription factors (TFs) under the putative control of CLOCK. A: Genes from the core of the 
circadian system in the liver of wheatears; ARNTL and PER2-3 are differentially expressed (de) between lean and fat individuals; ARNTL2 between lean and defatting 
wheatears. B: TFs with a decrease in expression in fattening and fat birds but with a trend of recovery while defatting. C: TFs with an opposite trend to B. D: TFs with 
a continuous increment or decrement during the season. The regulatory factor X 1/2/3 (RFX2, de: lean vs fat) and the transcription factor E2F2 (E2F2, de: lean vs 
defatting) were not plotted since their expressions were ≤ 1 TPM, similar to TCF4. Hypoxia-inducible factor 2 alpha (EPAS1), which is not plotted, shows 
continuously increased expression from lean with 200 to 512 TPM in defatting birds (see Table S4). “Defat” means defatting and “fatt” means fattening. 

Fig. 7. Some genes involved in maintaining cell redox balance. Transcription regulator BACH (BACH1) (1-2, 1-3)*, biliverdin reductase (BLVRA) (1-3, 1-4)*, catalase 
(CAT) (1-3)*, glutathione peroxidase 1 (GPX1) (1-3, 1-4)*, GPX2 (1-2, 1-3)*, GPX4 (ns), GPX7 (ns), heme oxygenase 1 (HMOX1) (ns), peroxiredoxin 1 (PRDX1) (ns), PRDX3 (1- 

2, 1-3, 3-4)*, PRDX6 (ns), superoxide dismutase 1 (SOD) (1-2, 1-3)*, SOD2 (ns) and SOD3 (ns). BACH1, HMOX1 and BLVRA are involved in heme catabolism and the 
production of bilirubin, which is a powerful antioxidant responsible for the beneficial effects of HMOX1 activity. (*) refers to the comparisons where the gene was 
regulated, with lean coded as 1, fattening (“fatt”) as 2, fat as 3, and defatting (“defatt”) as 4. 
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system and peripheral tissues. CLOCK/ARNTL has multiple target genes 
through the genome that it regulates by binding the E-box around its 
promoter area. The CLOCK/ARNTL complex activity is regulated by 
negative loops involving genes under its own control, e.g., period, 
cryptochromes and REV-ERB proteins (Figs. 4 and 6). Circadian genes 
have been found to be regulated in the livers of Black-headed Buntings 
(Emberiza melanocephala) between migratory and non-migratory stages 
[177]. 

ARNTL, PER2 and PER3 are regulated between lean and fat wheat-
ears, and ARNTL2 is regulated between lean and defatting wheatears 
(Fig. 6A). ARNTL and ARNTL2 show contrasting expression patterns. 
This should be carefully analysed because the co-expression of CLOCK, 
ARNTL and ARNTL2 synchronically activates E-box element-dependent 
transcription in chickens. Moreover, a higher level of expression of 

ARNTL2 inhibits E-box activation. ARNTL2 may enhance/reduce 
ARNTL/CLOCK-mediated transcription, depending on whether ARNTL 
is in the accumulative or the declining phase of the circadian cycle 
[152]. 

The expression patterns of CLOCK’s repressors, i.e., nuclear receptor 
subfamily 1 group D member 2 (NR1D2), also known as REV-ERBβ, 
kruppel-like factor 10 (KLF10) and early growth response protein 1 
(EGR1), give a hint of the communication between metabolic state and 
the activity of circadian genes [32,83,163]. 

NR1D2 (lean: 20.5, fattening: 31.3, fat: 39.6, defatting: 33.4, TPM) 
also negatively regulates its paralog NR1D1, which matches with 
NR1D1 and NR1D2 dephased expression (NR1D1; lean: 38.5, fattening: 
40.8, fat: 34.8, defatting: 32.1 TPM, ns), drawing a more complex link 
between circadian patterns and metabolic control. Both proteins are 
recruited to similar binding sites across the genome close to metabolic 
genes, like the ones related to lipid metabolism and inflammatory 
response [64]. Deficiency of both NR1Ds genes causes marked hepatic 
steatosis [32]. NR1D1 mRNA is induced during adipogenesis, and the 
deletion of NR1D1 in mice alters glucose and lipid metabolism, leading 
to obesity [51,65]. These facts match the NR1D expression patterns in 
wheatears, repressing lipogenic genes when birds become fatter and 
avoid steatosis [37,161,165,207]. 

KLF10 (lean: 15.2, fattening: 17.5, fat: 19.3, defatting: 28.1, TPM) 
binds to the promoter of the core clock component ARTNL and represses 
its transcriptional activity. It regulates the circadian transcription of 
genes involved in lipogenesis, gluconeogenesis and glycolysis in the 
liver [120,205]. 

Early growth response protein 1 (EGR1; lean: 25.5, fattening: 11.7, 
fat: 8, defatting: 6.4 TPM) is a transcription factor under the putative 
control of CLOCK, peroxisome proliferator activated receptor-γ (PPAR- 
γ) and growth factors. In the brain, EGR1 regulates the amplitude of the 
expression period of clock genes through the activation of PER1 tran-
scription [163]. A deficiency of EGR1 delays liver regeneration pro-
cesses that are essential for normal progress through mitosis and normal 
proliferation after partial hepatectomy [129]. EGR1 expression agrees 
with the putative switching between cell cycle stages during the devel-
opment of the migratory phenotype in our study, thus avoiding mitosis. 

4.4.2. Melatonin 
It is known that the central circadian clock entrains its peripheral 

counterparts through neuronal and hormonal signals and body tem-
perature, thus aligning all clocks with the external photoperiod [143]. 

Given the prominent role of melatonin in migration [61], the upre-
gulation of the melatonin receptor type 1c (MTNR1C, lean: 4.4, 
fattening: 0.6, fat: 0.2, defatting: 4.1, TPM) in defatting birds may give a 
clue to the crosstalk between the central nervous system and liver 
metabolism. MTNR1C is found exclusively in fish, amphibians and birds 
and it is not yet well characterized in terms of its paralogs [61]. The 
physiological effects of melatonin are diverse, e.g., in the circadian 
rhythm or as an antioxidant. Therefore, the analysis of its production, 
localisation and receptor expression dynamics deserves a separate 
chapter on migration. 

In summary, based on the expression trends of the core genes of clock 
cycle and other genes linking this process with metabolism, we have 
evidence that the period of the circadian cycle in the livers of wheatears 
is affected in relation to migration. It is logical that once the wheatears 
have reached a certain fat reserve level (or become unable to counteract 
metabolic stress), the genes responsible for lipid and carbohydrates 
biosynthesis may shut down, thereby discontinuing the fattening 
process. 

4.5. Genes under the control of CLOCK 

Screening of the wheatear liver transcriptomes in search of putative 
genes controlled by CLOCK led to the discovery of 1110 of these genes, 
390 of which were regulated. Among them, genes involved in bile 

Fig. 8. Proportion of cells in G1 at each body mass condition, following 
Scialdone et al. [171]. The percentages of cells in G1 and dispersion are higher 
in lean birds. The estimated probability of being in the G2 checkpoint or mitotic 
stage is zero. 

Table 4 
Genes differentially expressed under the simultaneous control of CLOCK and 
PPAR-α in wheatears.  

Gene Lean Fattening Fat Defatting Function 

Diazepam binding 
inhibitor (1-2, 1- 

3, 1-4)* 
415.5 887.4 970.3 942.3 

Appetite 
stimulation, 
GABAergic 
signal 
inhibition 

Glycerol-3- 
phosphate 
dehydrogenase 
1 (1-2, 1-3, 1-4)* 

96.1 200.4 235.3 181.5 
Carbohydrate 
and lipid 
metabolism 

Glycogen 
synthase 2 (1-2, 

1-3, 1-4)* 
45.8 65.8 83.8 91.6 Synthesis of 

glycogen 

Kruppel-like 
factor 10 1-4* 

15.2 17.5 19.3 28.1 Repressing 
circadian clock 

Kruppel-like 
factor 11 1-3* 1.7 1.0 0.9 2.0 Apoptosis 

Malonyl-CoA 
decarboxylase 
Mitochondrial 
1-3* 

16.9 19.1 21.9 21.5 
Increase the 
rate of fatty acid 
oxidation 

Solute carrier 
family 29 
member 1 
(augustine 
blood group) 1- 

3* 

2.8 1.6 1.4 2.4 
Nucleoside 
transport across 
membranes 

Sterol carrier 
protein 2 (1-2, 1- 

3, 1-4)* 
281.9 484.8 637.0 500.9 

Fatty acid 
oxidation 

(*) refers to comparisons in which the gene was found regulated: lean: 1, 
fattening: 2, fat: 3, defatting: 4. Boldface denotes the highest expression. 
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secretion, lipid metabolism and the TCA cycle stand out as being 
significantly less expressed in lean wheatears. Additionally, 26 tran-
scription factors were found with more complex expression patterns 
between conditions (Fig. 6). 

Due to their regulatory role and their direct connection with the 
circadian and cell cycles, we have analysed the functions of some tran-
scription factors under the control of CLOCK in more detail to illustrate 
adaptations to migration. 

4.6. Transcription factors controlled by CLOCK 

4.6.1. Cell cycle control 
Among the transcription factors with lower expression in fattening 

and fat birds, with a tendency to recover while defatting, critical regu-
latory elements of the cell cycle were found, specifically those control-
ling the G1/S transition, such as E2F factors [55]. The remaining genes 
were also involved in the entrainment of the circadian clock, cell dif-
ferentiation and proliferation, such as TCF3 and TCF4 (lean: 3.5, 
fattening: 1.9, fat: 1.4, defatting: 1.5 TPM; [19,66] see Fig. 6B). 

Two regulated genes with huge changes in their expression fold 
changes were also involved in cell cycle control, namely cyclin- 
dependent kinase inhibitor 1a (CDKN1A) and inhibin beta e subunit 
(INHBE; Fig. 4). CDKN1A (lean: 1.9, fattening: 0.54, fat: 0.58, defatting: 
1.9 TPM, regulated between fat and defatting birds) encodes a potent 
cyclin-dependent kinase inhibitor that blocks cell cycle progression in 
G1 and plays a regulatory role in S-phase DNA replication [89,127]. This 
evidence supports the previous results, indicating a change in the cell 
proportion in certain cell-cycle stages with different migratory condi-
tions (Fig. 8). 

INHBE (lean: 24.3, fattening: 254.1, fat: 623.2, defatting: 135.3 
TPM) controls cell proliferation and tissue repair in response to endo-
plasmic reticulum stress. This is a mechanism that protects a cell from 
unfolded and misfolded protein overload and is a process that is believed 
to be a challenge for the liver while preparing for migration [31,38,164]. 

The transcription factors that showed a peak in expression in fat 
birds (Fig. 6C) were mostly involved in controlling metabolic pathways 
related to inflammation, redox balance, lipid and glucose homeostasis. 
Defects in these genes have been linked to obesity-related diseases. 

4.6.2. Redox homeostasis 
One gene involved in redox homeostasis is the transcription regu-

lator BACH (BACH1, in our data: BTB domain and CNC homolog 1). 
BACH1 (lean: 2.8, fattening: 20.3, fat: 21.4, defatting: 13.7; TPM) and 
BACH2 (not found in our data) mediate anti-oxidative stress response 
and cellular immunity [96,213]. 

A high heme concentration induces the ubiquitination and degra-
dation of BACH1 [210,212], derepressing the expression of heme oxy-
genase 1 (HMOX1), which is the rate-limiting enzyme involved in the 
catabolism of heme. The degradation of heme renders biliverdin, which 
is converted to bilirubin via cytosolic enzyme biliverdin reductase 
(BLVRA). Both metabolites form a redox pair responsible for the cyto-
protective, anti-inflammatory effects and improvement of the hepatic 
lipid metabolism mediated by HMOX1 [5,98,172,210]. 

HMOX1 was not differentially expressed here (lean: 151.4, fattening: 
93.8, fat: 93.2, defatting: 113.9, TPM), and its average expression does 
not justify a significant increment of heme degradation (during migra-
tion, heme should support gas transport and hemeprotein activity). 
However, the BLVRA (lean: 13.2, fattening: 23.5, fat: 33.8, defatting: 
30.8; TPM) upregulation in the migratory stages might reveal an 
increased antioxidant capacity in fattening and fat birds. The expression 
patterns of other antioxidant enzymes are consistent with this, pointing 
out the importance of these mechanisms in supporting preparation for 
migration (Fig. 7). 

The metal regulatory transcription factor 1 (MTF1, lean: 5.5, 
fattening: 6.2, fat: 8, defatting: 6.5; TPM) is also involved in the acti-
vation of the oxidative stress response [109]. 

Our results lead to the recommendation of further in-depth studies of 
redox systems concerning migration, e.g., HMOX1/BLVRA activity and 
an in situ measurement of biliverdin/bilirubin. Also, the particular 
relevance of heme as a modulator/coordinator of cellular homeostasis in 
relation to the circadian cycle in birds may deserve more profound 
examination. 

4.6.3. Glucose metabolism 
Another regulated gene was the forkhead box protein N3 (FOXN3; 

lean: 10.3, fattening: 16.8, fat: 26.6, defatting: 22.3, TPM). FOXN3 
overexpression drives hepatic glucose production with a concomitant 
increase in plasma during fasting [104]. Significantly, these changes 
happen without alteration in the fasting concentration of glucagon and 
insulin [103]. FOXN3 is also involved in DNA damage-induced cell cycle 
arrest in G1 and G2 [185]. 

The genes coding for glycogen synthase 2, malonyl-CoA decarbox-
ylase mitochondrial and sterol carrier protein 2 are all related with lipid 
or carbohydrate metabolism under the simultaneous control of CLOCK 
and PPAR-α and were also overexpressed in fat and defatting birds. 

Blood glucose concentration is a critical variable for maintaining 
brain function in birds, especially during a migratory period. For 
example, the concentration of blood glucose in the Garden Warbler 
(Sylvia borin) was measured to be higher during autumnal and spring 
migration than in the non-migratory season [11]. In the same way, Singh 
et al. [177] found a significantly higher level of glucose in migratory 
Black-headed Buntings (Emberiza melanocephala) than in their non- 
migratory counterparts. 

Since glycogen provides a small percentage of total energy for 
migration (especially for long-distance migrants), glucose derives from 
gluconeogenesis using the carbon skeleton of amino acids [195]. Ketone 
bodies provide an alternative for glucose in peripheral organs like the 
brain [100,111] and have been proved to be a versatile mechanism 
contributing to fattening and defatting in captive birds [68,158]. 

4.6.4. Lipophagy and heavy metal detoxification 
The metal regulatory transcription factor 1 (MTF1, lean: 5.5, 

fattening: 6.2, fat: 8.0, defatting: 6.5; TPM) is a cytoplasmic zinc sensor 
that activates transcription in response to a toxic concentration of heavy 
metals, such as zinc, cadmium or copper, thus maintaining cellular 
metal homeostasis [77]. It is also involved in response to hypoxia, glu-
cocorticoids and oxidative stress response [93,146,199]. 

MTF1 mediates a critical process linked with the control of lipid 
accumulation in the liver, i.e., lipophagy, the autophagic degradation of 
lipid droplets [109]. Zn2+ induces autophagic signals and lipid depletion 
by enhancing MTF1 binding at the PPARα promoter region, which in 
turn induces transcriptional activation of the genes related to lipophagy 
and lipolysis [109,197]. In that way, MTF1 demonstrates a clear func-
tional relationship between the circadian cycle, PPARα and lipid meta-
bolism. Lipophagy might be a key process in the control of fat overload 
and deserves future studies regarding migration. 

4.6.5. Global energy homeostasis, cellular volume 
The mineralocorticoid receptor (NR3C2, lean: 5.3, fattening: 6.6, fat: 

10.1, defatting: 6.8, TPM) has pleiotropic effects on cells by binding with 
similar affinity mineralocorticoids such as aldosterone and glucocorti-
coids like corticosterone or cortisol [154,193]. For an objective view of 
the NR3C2 putative functions wheatears livers, we would need infor-
mation on the corresponding hormonal patterns, which we have not 
presented in this work. 

Mineralocorticoids are known for controlling extracellular fluid and 
cellular volume, which has important effects on tissue and cellular 
physiology. In the context of migratory hyper-metabolic activity and 
increased fat deposition in the liver, it might be challenging to maintain 
osmolarity, and mineralocorticoids may play a role under these cir-
cumstances [112]. It should be considered that hepatocyte hypertrophy 
is a compensatory process after partial hepatectomy and is linked to 
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polyploidization [35]. 

4.6.6. Growth hormone and lipid metabolism 
Among others, signal transducer and activator of transcription 5B 

(STAT5B) is involved in growth hormone (GH) insensitivity 
[45,113,191]. The liver is the primary target of GH, and the GH-STAT5 
axis regulates the expression of genes related to body growth, cell cycle, 
lipid, bile acid and drug metabolism [9]. GH inhibits de novo lipogenesis, 
and its deficiency is correlated with a high frequency of non-alcoholic 
fatty liver disease [16,47]. 

In wheatears, GH receptor (GHR) expression agrees with the role of 
the GH in controlling a fat overload in the migratory season (GHR; lean: 
46.1, fattening: 60.3, fat: 110.0, defatting: 103.4 TPM). The relative 
overexpression of GH/STAT5 in fattening and fat wheatears makes the 
related pathway candidates for controlling hepatocyte overload and 
resolving migratory fattening. 

4.6.7. Vasculogenesis and lipid metabolism 
Some transcription factors had a continuous increment in their 

expression from lean to defatting birds (Fig. 6D). One of these was the 
endothelial PAS domain-containing protein 1 (EPAS1), which is a 
pleiotropic and well-studied transcription factor that senses the oxygen 
levels in endothelial cells and is involved in angiogenesis and post- 
vasculogenesis stages. It is required for the remodelling of the primary 
vascular network into a mature hierarchy pattern [22,198]. It is known 
that different allele variants in humans correlate with increased athletic 
performance [92], calling attention to the relevance of this gene in terms 
of endurance in exercise. 

Angiogenesis is a critical parameter to guarantee correct tissue per-
formance. Mice fattened on a high-fat diet (HFD) developed liver stea-
tosis and showed narrowing of hepatic sinusoids (~33%) with decreased 
oxygen tension in portal venules and evidence of poor O2 access to 
mitochondria. Due to the fat accumulation, hepatocytes swelled and 
mechanically constrained the vasculature. Moreover, the treatment with 
a PPARα agonist (fenofibrate) reduced triglyceride deposition in the 
liver, decreasing the hepatocyte size and increasing the dimension of 
sinusoidal vessels. This evidence highlights the importance of the bal-
ance between de novo lipid biosynthesis, beta-oxidation and the vascu-
lature density to maintain a healthy liver [108]. MTF1, as mentioned 
before, is also involved in response to hypoxic conditions that induce 
angiogenesis [146]. 

It should be noted that flying is a highly demanding activity and that 
a lack of oxygen in the air could be life threatening. Nocturnal migrants 
crossing the Sahara Desert at an altitude of 2 km [119] are exposed to 
20% less oxygen than at sea level. Thus, increased angiogenesis could be 
an adaptation of migratory birds flying at higher altitudes. 

4.6.8. Regulation of lipid metabolism 
Two transcription factors that control lipid metabolism in verte-

brates and crosstalk with circadian genes are regulated in relation to 
migration, namely PPAR-α and retinoic acid receptor alpha (RARA) 
[42,208]. 

PPAR-α was regulated between lean and fat wheatears (lean: 36, 
fattening: 51, fat: 57, defatting: 60 TPM), and PPAR-γ was also regulated 
with a higher expression in fat birds (lean: 3, fattening: 3, fat: 4, defat-
ting: 3 TPM). PPAR-α has a preponderant effect on liver lipid meta-
bolism [42,80]. PPARs are TFs under circadian control, but their activity 
is strongly modulated by ligands like unsaturated fatty acids and de-
rivatives like oleoylethanolamide (satiety inductor and analogue of the 
endocannabinoid anandamide), leucotrienes and prostaglandines 
[42,71,72,80,97]. Glucocorticoids may also influence their activity 
[36,42]. 

PPAR-α facilitates fatty acid uptake and beta oxidation in the liver, 
which may have three main effects, namely 1) increasing the rate of ATP 
production needed for anabolism, 2) decreasing the levels of circu-
lating/stored triglycerides controlling dyslipidemia, and 3) maintaining 

the balance between fatty acid anabolism/catabolism and thus avoiding 
liver steatosis when the reserves in adipose tissue may be already filled 
[80,179]. The PPAR-α function can be a key regulator of termination of 
the migratory phenotype in captive birds; its expression was higher in 
defatting wheatears. 

RARA is linked with lipid metabolism and plays an extensive role in 
regulating hepatic gene expression, forming homo- or heterodimers with 
many other regulatory elements such as PPAR-α [90]. The activity of 
retinoic receptors depends on the presence of ligand, and different re-
ceptors overlap in terms of their functions [39,106]. 

In agreement with the expression pattern of PPAR-α and its role in 
maintaining lipid homeostasis in the liver, we found a regulated and a 
huge increment between lean and fattening birds for the g0/g1 switch 2 
gene (G0S2; lean: 22.2, fattening: 235.7, fat: 177.5, defatting: 149.7 
TPM). G0S2 is a potent inhibitor of the rate-limiting lipolytic enzyme 
adipose triglyceride lipase (PNPLA2; lean: 31.8, fattening: 45.8, fat: 
40.3, defatting: 31.3 TPM) [91,206]. G0S2 is highly responsive to the 
nutrient status or metabolic requirements, and it is rapidly degraded by 
the proteasome system [206]. PNPLA2 catalyses the first step in tri-
glyceride hydrolysis in lipid droplets with a preference toward the 
excision of long-chain fatty acid esters at the sn-2 position of the glycerol 
backbone [194,215]. Its activity regulates adiposome size [178]. 

Based on expression patterns of both proteins, we can conclude that 
TAG lipolysis mediated by PNPLA might be inhibited during the 
fattening and fat periods, likely because TAG are packed for delivery to 
adipose tissue or muscles. The expression trend of other lipases like 
perilipin 1, 2 and 3, as well as lipase C, reinforces this idea (Fig. 3). A 
change in lipase activity can be associated with the clearance of lipid 
deposits in the liver during the rapid defatting period. Dysfunctional 
lipolysis impacts the energy balance and may contribute to pathogenesis 
of obesity [215]. Lipase activities might also be related to the previously 
mentioned process of lipophagy mediated by MTF1. 

We should add that the activities of these proteins have been better 
studied in adipose tissue, and very few are known in terms of their 
relevance in the liver. In migratory birds, they seem to be very important 
for lipid homeostasis. 

4.7. Genes under simultaneous control of CLOCK and PPAR-α 

Sixty-three genes controlled by PPAR-α were found in our data, 30 
were differentially expressed among conditions, and eight of them were 
regulated by both CLOCK and PPAR-α. Some of them are analysed 
below. 

4.7.1. Endozepines, lipid trafficking, appetite and behaviour 
One gene with a dramatic change in expression correlated positively 

with the gain of fat reserves during the migratory season, the diazepam 
binding inhibitor (DBI), also known as the acyl-CoA-binding protein. In 
the liver, DBI binds medium- and long-chain acyl-CoA esters, buffering 
potentially toxic medium- and long-chain acyl-CoA molecules and 
facilitating their transport between organelles [27,28]. It also mediates 
the feedback regulation of pancreatic secretion and the postprandial 
release of cholecystokinin, a hormone that induces the release of 
digestive enzymes and bile [41]. 

DBI proteolytic peptide products (triakontatetraneuropeptide and 
octadecaneuropeptide (ODN)) are termed “endozepines”. DBI and ODN 
act as negative allosteric modulators of GABA type A receptor activity in 
the brain [15,48,78]. As a consequence, DBI may provoke pro-conflict 
behaviour, anxiety and reduced sleep [135]. The DBI expression 
pattern agrees with the previously reported GABAergic signalling 
reduction during the migratory phenotype development in wheatears, 
with the consequent decreased restlessness and changes in sleeping 
patterns [69]. 

High concentrations of DBI have been found in brain areas involved 
in controlling feeding behaviour [57], and plasma levels of soluble DBI 
have been found to be elevated in obese humans and reduced in patients 
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with anorexia nervosa. Intravenous injection of DBI protein or its 
transgenic expression in the liver has caused hyperphagia and weight 
gain in mice. Conversely, the neutralisation of DBI has anorexigenic 
effects, thus reducing appetite and inducing lipid catabolism [27,102]. 

The effect of liver DBI production on appetite, lipid metabolism and 
tentatively wheatear behaviour should be studied in more detail. 

4.7.2. Regulatory lipid species 
Another gene under the dual control of CLOCK/PPAR-α is the 

Kruppel-like factor 11 (KLF11). It is a transcription factor that inhibits 
the synthesis of eicosanoids like prostaglandin E(2) and leukotrienes by 
silencing the promoter of its biosynthetic enzyme, i.e., the cytosolic 
phospholipase A2 alpha [34,53]. Derivatives of arachidonic acid can 
trigger powerful and diverse physiological responses, which can be 
reviewed in [53,88,186]. 

4.8. Influence of liver physiology in the modulation of migratory 
phenotype 

The disassembly of the migratory phenotype is thought to be pri-
marily controlled by the central nervous system (CNS) [151,190]. 
Moreover, we may not discard the influence of the negative feedback of 
“exhausted peripheral tissues” to the CNS. Oxidative stress, metabolic 
overloading, hypoxia, endoplasmic reticulum stress and pro- 
inflammatory signals may cause the liver to decrease its metabolic ca-
pacities. This would explain the individual differences and quantitative 
characteristics of the migratory phenotype. 

Studies temporarily tracking stress markers at the individual level 
may be needed to test this hypothesis, e.g., using tissue metabolome 
data. 

5. Conclusions 

In this work, we could identify molecular mechanisms associated 
with the development and resolution of the migratory phenotype in the 
liver of Northern Wheatears using transcriptomic data. The major 
changes in gene expression occurred between lean and fattening/fat 
stages, the most divergent phenotypes. 

We detected changes in the proportion of cells in G1/S stages during 
the season, suggesting an increment in hepatocyte polyploidization, 
which may be linked to liver enhanced metabolic and detoxification 
capacities. Genes of the circadian rhythm core were also regulated. 
Changes in the circadian-cycle periods are a critical adaptation to fulfil 
the enhanced metabolic demands and cellular stress associated with 
migration. 

Furthermore, growth and thyroid hormones, glucocorticoids and 
mineralocorticoids may play a critical role in liver physiology during 
migration. They are versatile well-known regulators of, e.g., energy 
homeostasis, inflammation and cellular volume. Other molecular ad-
aptations could be highlighted in our work in connection with the 
development of migratory phenotype like the control of redox stress, 
angiogenesis, inflammation and a strong upregulation of the innate 
immune system. Processes like lipophagy and a fine balance between 
lipid anabolism and catabolism as critical mechanisms to avoid tissue 
fat-overload and damage have also been described. 

The main molecular processes discussed here, together with evi-
dence for the role of ketone bodies in the migratory fattening of 
wheatears [67] can explain the rapid gain of fat reserves before the onset 
of migration and during migratory stopovers. The efficiency of migra-
tory fattening is a critical factor directly linked with speed and chances 
to succeed on migration. 

Our work should encourage more finely designed molecular studies 
on bird migration, considering, e.g., single-cell transcriptomics, genome 
structural analysis and orthogonal throughput functional techniques like 
proteomics and metabolomics. 

Finally, since wheatears do not seem to suffer from obesity-related 

diseases, our results could be useful for further orthologous compari-
sons with human data for targeting candidate markers that contribute to 
a better understanding and treatment of human obesity. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ygeno.2022.110283. 
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Guerra, Thyroid hormone regulation of rat hepatocyte proliferation and 
polyploidization, Am. J. Physiol. Gastrointest. Liver Physiol. 276 (1999) 
G155–G163. 

[190] A.K. Trivedi, V. Kumar, Melatonin: an internal signal for daily and seasonal 
timing, Indian J. Exp. Biol. 52 (2014) 425–437. 

[191] F. Tronche, C. Opherk, R. Moriggl, C. Kellendonk, A. Reimann, L. Schwake, H. 
M. Reichardt, K. Stangl, D. Gau, A. Hoeflich, H. Beug, W. Schmid, G. Schutz, 
Glucocorticoid receptor function in hepatocytes is essential to promote postnatal 
body growth, Genes Dev. 18 (2004) 492–497, https://doi.org/10.1101/ 
gad.284704. 

[192] H. Vetr, W. Gebhard, Structure of the human alpha 1-microglobulin-bikunin gene, 
Biol. Chem. Hoppe Seyler 371 (1990) 1185–1196, https://doi.org/10.1515/ 
bchm3.1990.371.2.1185. 

[193] S. Viengchareun, D. Le Menuet, L. Martinerie, M. Munier, L.P.-L. Tallec, 
M. Lombès, The Mineralocorticoid receptor: insights into its molecular and 
(patho)physiological biology, Nucl. Recept. Signal. 5 (2007), https://doi.org/ 
10.1621/nrs.05012 nrs.05012. 

[194] J.A. Villena, S. Roy, E. Sarkadi-Nagy, K.H. Kim, H.S. Sul, Desnutrin, an adipocyte 
gene encoding a novel patatin domain-containing protein, is induced by fasting 
and glucocorticoids: ectopic expression of desnutrin increases triglyceride 
hydrolysis, J. Biol. Chem. 279 (2004) 47066–47075, https://doi.org/10.1074/ 
jbc.M403855200. 

[195] D. Voet, J.G. Voet, C.W. Pratt, Fundamentals of Biochemistry : Life at the 
Molecular Level, Wiley, Hoboken NJ, 2013. 

R.C. Frias-Soler et al.                                                                                                                                                                                                                          

http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0730
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0730
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0730
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0730
https://doi.org/10.1634/stemcells.2007-0046
https://doi.org/10.1186/s13059-019-1676-5
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0745
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0745
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0750
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0750
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0755
https://doi.org/10.1046/j.1365-2443.2001.00462.x
https://doi.org/10.1080/01926230590522365
https://doi.org/10.1210/me.2005-0089
https://doi.org/10.1016/j.tibs.2016.09.009
https://doi.org/10.1016/j.tibs.2016.09.009
https://doi.org/10.1196/annals.1343.026
https://doi.org/10.1242/jeb.057620
https://doi.org/10.1242/jeb.057620
https://doi.org/10.1016/j.cmet.2016.12.022
https://doi.org/10.1016/j.cmet.2016.12.022
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0795
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0795
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0795
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0800
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0800
https://doi.org/10.1038/nsmb1344
https://doi.org/10.1007/s11306-019-1553-y
https://doi.org/10.1007/s11306-019-1553-y
https://doi.org/10.1007/s12031-017-0996-8
https://doi.org/10.1007/s12031-017-0996-8
https://doi.org/10.1016/j.mrrev.2006.07.002
https://doi.org/10.1016/j.mrrev.2006.07.002
https://doi.org/10.1016/j.bbrc.2008.02.031
https://doi.org/10.1016/j.bbrc.2008.02.031
https://doi.org/10.1016/j.jhep.2008.01.006
https://doi.org/10.1111/mec.12842
https://doi.org/10.1111/mec.13159
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0845
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0845
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0845
https://doi.org/10.1016/j.ympev.2010.07.008
https://doi.org/10.1016/j.ymeth.2015.06.021
https://doi.org/10.1016/j.ymeth.2015.06.021
https://doi.org/10.1073/pnas.0813132106
https://doi.org/10.1073/pnas.0813132106
https://doi.org/10.1093/nargab/lqaa034
https://doi.org/10.1155/2018/3491269
https://doi.org/10.1155/2018/3491269
https://doi.org/10.1113/EP086831
https://doi.org/10.1098/rspb.2018.1531
https://doi.org/10.3389/fphys.2018.01568
https://doi.org/10.1038/sj.embor.7400559
https://doi.org/10.1016/j.molmet.2015.03.004
https://doi.org/10.1016/j.molmet.2015.03.004
https://doi.org/10.1084/jem.180.5.1763
https://doi.org/10.1093/biostatistics/kxw041
https://doi.org/10.1098/rspb.2016.2607
https://doi.org/10.1016/j.cub.2016.06.025
https://doi.org/10.1021/bi00123a004
https://doi.org/10.1021/bi00123a004
https://doi.org/10.18632/oncotarget.9780
https://doi.org/10.1016/j.jare.2017.11.004
https://doi.org/10.1016/j.jare.2017.11.004
https://doi.org/10.1038/nrm1489
https://doi.org/10.1101/gr.772403
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0945
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0945
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0945
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0945
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0950
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0950
https://doi.org/10.1101/gad.284704
https://doi.org/10.1101/gad.284704
https://doi.org/10.1515/bchm3.1990.371.2.1185
https://doi.org/10.1515/bchm3.1990.371.2.1185
https://doi.org/10.1621/nrs.05012
https://doi.org/10.1621/nrs.05012
https://doi.org/10.1074/jbc.M403855200
https://doi.org/10.1074/jbc.M403855200
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0975
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0975


Genomics 114 (2022) 110283

19

[196] G.P. Wagner, K. Kin, V.J. Lynch, Measurement of mRNA abundance using RNA- 
seq data: RPKM measure is inconsistent among samples, Theory Biosci. 131 
(2012) 281–285, https://doi.org/10.1007/s12064-012-0162-3. 

[197] C.C. Wei, Z. Luo, C. Hogstrand, Y.H. Xu, L.X. Wu, G.H. Chen, Y.X. Pan, Y.F. Song, 
Zinc reduces hepatic lipid deposition and activates lipophagy via Zn(2+)/MTF-1/ 
PPARα and Ca(2+)/CaMKKβ/AMPK pathways, FASEB J. (2018), https://doi.org/ 
10.1096/fj.201800463: fj201800463. 

[198] M.S. Wiesener, H. Turley, W.E. Allen, C. Willam, K.U. Eckardt, K.L. Talks, S. 
M. Wood, K.C. Gatter, A.L. Harris, C.W. Pugh, P.J. Ratcliffe, P.H. Maxwell, 
Induction of endothelial PAS domain protein-1 by hypoxia: characterization and 
comparison with Hypoxia-Inducible Factor-1, Blood 92 (1998) 2260–2268. 

[199] U. Wimmer, Y. Wang, O. Georgiev, W. Schaffner, Two major branches of anti- 
cadmium defense in the mouse: MTF-1/metallothioneins and glutathione, Nucleic 
Acids Res. 33 (2005) 5715–5727, https://doi.org/10.1093/nar/gki881. 

[200] M. Wink, M. Kuhn, H. Sauer-Gürth, H.H. W., Ein Eistaucher (Gavia immer) bei 
düren-Fundgeschichte und erste genetische Herkunftsuntersuchungen, 
Charadrius 38 (2002) 239–245. 

[201] J. Wu, A. Acero-Lopez, Ovotransferrin: structure, bioactivities, and preparation, 
Food Res. Int. 46 (2012) 480–487, https://doi.org/10.1016/j. 
foodres.2011.07.012. 

[202] M. Xenophontos, E. Blackburn, W. Cresswell, Cyprus Wheatears Oenanthe cypriaca 
likely reach sub-Saharan African wintering grounds in a singe migratory flight, 
J. Avian Biol. (2016), https://doi.org/10.1111/oik.02629: 529-535, 10.1111/ 
oik.02629. 

[203] Y. Xiao, A.L. Hughes, J. Ando, Y. Matsuda, F. Cheng, D. Skinner-Noble, G. Zhang, 
A genome-wide screen identifies a single β -defensin gene cluster in the chicken: 
implications for the origin and evolution of mammalian defensins, BMC Genomics 
5 (2004), https://doi.org/10.1186/1471-2164-5-56. 

[204] Y. Xu, Z. Lin, C. Tang, Y. Tang, Y. Cai, H. Zhong, X. Wang, W. Zhang, C. Xu, 
J. Wang, J. Wang, H. Yang, L. Yang, Q. Gao, A new massively parallel nanoball 
sequencing platform for whole exome research, BMC Bioinforma. 20 (2019) 153, 
https://doi.org/10.1186/s12859-019-2751-3. 

[205] X. Yang, Q. Chen, L. Sun, H. Zhang, L. Yao, X. Cui, Y. Gao, F. Fang, Y. Chang, 
KLF10 transcription factor regulates hepatic glucose metabolism in mice, 
Diabetologia 60 (2017) 2443–2452, https://doi.org/10.1007/s00125-017-4412- 
2. 

[206] X. Yang, X. Lu, M. Lombes, G.B. Rha, Y.I. Chi, T.M. Guerin, E.J. Smart, J. Liu, The 
G(0)/G(1) switch gene 2 regulates adipose lipolysis through association with 

adipose triglyceride lipase, Cell Metab. 11 (2010) 194–205, https://doi.org/ 
10.1016/j.cmet.2010.02.003. 

[207] L. Yin, N. Wu, M.A. Lazar, Nuclear receptor Rev-erbalpha: a heme receptor that 
coordinates circadian rhythm and metabolism, Nucl. Recept. Signal. 8 (2010), 
https://doi.org/10.1621/nrs.08001 e001-e001. 

[208] M. Yoon, The role of PPARalpha in lipid metabolism and obesity: focusing on the 
effects of estrogen on PPARalpha actions, Pharmacol. Res. 60 (2009) 151–159, 
https://doi.org/10.1016/j.phrs.2009.02.004. 

[209] H. Yoshitane, H. Ozaki, H. Terajima, N.H. Du, Y. Suzuki, T. Fujimori, N. Kosaka, 
S. Shimba, S. Sugano, T. Takagi, W. Iwasaki, Y. Fukada, CLOCK-controlled 
polyphonic regulation of circadian rhythms through canonical and noncanonical 
E-boxes, Mol. Cell. Biol. 34 (2014) 1776–1787, https://doi.org/10.1128/ 
mcb.01465-13. 

[210] Y. Zenke-Kawasaki, Y. Dohi, Y. Katoh, T. Ikura, M. Ikura, T. Asahara, 
F. Tokunaga, K. Iwai, K. Igarashi, Heme induces ubiquitination and degradation 
of the transcription factor Bach1, Mol. Cell. Biol. 27 (2007) 6962–6971, https:// 
doi.org/10.1128/MCB.02415-06. 

[211] S. Zhang, Y.H. Lin, B. Tarlow, H. Zhu, The origins and functions of hepatic 
polyploidy, Cell Cycle 18 (2019) 1302–1315, https://doi.org/10.1080/ 
15384101.2019.1618123. 

[212] X. Zhang, J. Guo, X. Wei, C. Niu, M. Jia, Q. Li, D. Meng, Bach1: function, 
regulation, and involvement in disease, Oxiditative Med. Cell. Longev. 2018 
(2018) 1347969, https://doi.org/10.1155/2018/1347969. 

[213] Y. Zhou, H. Wu, M. Zhao, C. Chang, Q. Lu, The Bach family of transcription 
factors: a comprehensive review, Clin. Rev. Allergy Immunol. 50 (2016) 345–356, 
https://doi.org/10.1007/s12016-016-8538-7. 

[214] F.Y. Zhu, M.X. Chen, N.H. Ye, W.M. Qiao, B. Gao, W.K. Law, Y. Tian, D. Zhang, 
D. Zhang, T.Y. Liu, Q.J. Hu, Y.Y. Cao, Z.Z. Su, J. Zhang, Y.G. Liu, Comparative 
performance of the BGISEQ-500 and Illumina HiSeq4000 sequencing platforms 
for transcriptome analysis in plants, Plant Methods 14 (2018) 69, https://doi.org/ 
10.1186/s13007-018-0337-0. 

[215] R. Zimmermann, J.G. Strauss, G. Haemmerle, G. Schoiswohl, R. Birner- 
Gruenberger, M. Riederer, A. Lass, G. Neuberger, F. Eisenhaber, A. Hermetter, 
R. Zechner, Fat mobilization in adipose tissue is promoted by adipose triglyceride 
lipase, Science 306 (2004) 1383–1386, https://doi.org/10.1126/ 
science.1100747. 

[216] J. Sambrook, E.F. Fritsch, T. Maniatis. Molecular Cloning: A Laboratory Manual, 
Cold Spring Harbor Laboratory Press, New York, 1989. 

R.C. Frias-Soler et al.                                                                                                                                                                                                                          

https://doi.org/10.1007/s12064-012-0162-3
https://doi.org/10.1096/fj.201800463: fj201800463
https://doi.org/10.1096/fj.201800463: fj201800463
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0990
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0990
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0990
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf0990
https://doi.org/10.1093/nar/gki881
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf1000
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf1000
http://refhub.elsevier.com/S0888-7543(22)00028-3/rf1000
https://doi.org/10.1016/j.foodres.2011.07.012
https://doi.org/10.1016/j.foodres.2011.07.012
https://doi.org/10.1111/oik.02629: 529-535
https://doi.org/10.1186/1471-2164-5-56
https://doi.org/10.1186/s12859-019-2751-3
https://doi.org/10.1007/s00125-017-4412-2
https://doi.org/10.1007/s00125-017-4412-2
https://doi.org/10.1016/j.cmet.2010.02.003
https://doi.org/10.1016/j.cmet.2010.02.003
https://doi.org/10.1621/nrs.08001
https://doi.org/10.1016/j.phrs.2009.02.004
https://doi.org/10.1128/mcb.01465-13
https://doi.org/10.1128/mcb.01465-13
https://doi.org/10.1128/MCB.02415-06
https://doi.org/10.1128/MCB.02415-06
https://doi.org/10.1080/15384101.2019.1618123
https://doi.org/10.1080/15384101.2019.1618123
https://doi.org/10.1155/2018/1347969
https://doi.org/10.1007/s12016-016-8538-7
https://doi.org/10.1186/s13007-018-0337-0
https://doi.org/10.1186/s13007-018-0337-0
https://doi.org/10.1126/science.1100747
https://doi.org/10.1126/science.1100747
http://refhub.elsevier.com/S0888-7543(22)00028-3/optXhdmKHPRB8
http://refhub.elsevier.com/S0888-7543(22)00028-3/optXhdmKHPRB8

	Transcriptome signature changes in the liver of a migratory passerine
	1 Introduction
	2 Methods
	2.1 Study species
	2.2 RNA purification
	2.3 Sequencing
	2.3.1 Library preparation and sequencing
	2.3.2 RNA-Seq raw data quality control and filtering
	2.3.3 Mapping and quantification

	2.4 Statistics
	2.4.1 Differential gene expression analysis

	2.5 Gene ontology analysis

	3 Results
	3.1 Sequencing outputs
	3.2 Highly expressed genes in wheatear livers
	3.3 Differential gene expression analysis
	3.4 Gene ontology
	3.5 Regulated genes with the greatest fold changes between conditions
	3.6 Regulatory pathways, circadian clock and PPAR genes
	3.7 Genes under the control of circadian oscillators
	3.8 Regulated genes under the control of PPAR-α

	4 Discussion
	4.1 Top genes expressed in wheatear livers
	4.2 Energetic metabolism, mitochondrial genes, lipid transport and control of the cellular stress
	4.2.1 Cell proliferation
	4.2.2 Immune response
	4.2.3 Control of inflammation

	4.3 Differentially expressed genes between body mass conditions
	4.3.1 Genes with the highest fold changes between conditions

	4.4 Link between migration, metabolism, cell cycle and circadian rhythm in the livers of wheatears
	4.4.1 Circadian core genes are regulated towards migration
	4.4.2 Melatonin

	4.5 Genes under the control of CLOCK
	4.6 Transcription factors controlled by CLOCK
	4.6.1 Cell cycle control
	4.6.2 Redox homeostasis
	4.6.3 Glucose metabolism
	4.6.4 Lipophagy and heavy metal detoxification
	4.6.5 Global energy homeostasis, cellular volume
	4.6.6 Growth hormone and lipid metabolism
	4.6.7 Vasculogenesis and lipid metabolism
	4.6.8 Regulation of lipid metabolism

	4.7 Genes under simultaneous control of CLOCK and PPAR-α
	4.7.1 Endozepines, lipid trafficking, appetite and behaviour
	4.7.2 Regulatory lipid species

	4.8 Influence of liver physiology in the modulation of migratory phenotype

	5 Conclusions
	Data availability statement
	Funding
	Author contributions
	Institutional review board statement
	Declaration of Competing Interest
	Acknowledgements
	References


