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Abstract 

Background: Flying birds, especially those that hover, need to meet high energetic demands. Birds that meet this 
demand through nectarivory face the added challenges of maintaining homeostasis in the face of spikes in blood 
sugar associated with nectar meals, as well as transporting that sugar to energetically demanding tissues. Nectari-
vory has evolved many times in birds and we hypothesized that the challenges of this dietary strategy would exert 
selective pressure on key aspects of metabolic physiology. Specifically, we hypothesized we would find convergent or 
parallel amino acid substitutions among different nectarivorous lineages in a protein important to sensing, regulating, 
and transporting glucose, glucose transporter 2 (GLUT2).

Methods: Genetic sequences for GLUT2 were obtained from ten pairs of nectarivorous and non-nectarivorous sister 
taxa. We performed PCR amplification of the intracellular C-terminal domain of GLUT2 and adjacent protein domains 
due to the role of this region in determination of transport rate, substrate specificity and glucosensing.

Results: Our findings have ruled out the C-terminal regulatory region of GLUT2 as a target for selection by sugar-rich 
diet among avian nectarivores, though selection among hummingbirds, the oldest avian nectarivores, cannot be 
discounted.

Conclusion: Our results indicate future studies should examine down-stream targets of GLUT2-mediated glucosens-
ing and insulin secretion, such as insulin receptors and their targets, as potential sites of selection by nectarivory in 
birds.
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Background
To meet the high-energy demands of foraging flight, 
while relying on relatively dilute sugar solutions (20‒25% 
sucrose in the case of hummingbirds; Roberts 1996), nec-
tarivorous birds must sustain high nectar intake rates. 
Little is known about how nectarivorous birds are able 
to maintain sugar homeostasis and avoid or mitigate 

pathological outcomes from spikes in blood sugar con-
centration despite their chronic high rates of sugar 
intake. This metabolic challenge is exacerbated by the 
fact that birds generally maintain higher plasma glucose 
concentrations than other vertebrates of similar body 
mass while also storing very little glucose intracellularly 
as glycogen (Braun and Sweazea 2008). Most work has 
focused on hummingbirds and comparatively little is 
known about the metabolic fate of sugars in other necta-
rivores, but convergent evolution of dietary ecology sug-
gests that convergent adaptations may be present (Baker 
et al. 1998).
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Physiological and biochemical adaptations for sugar 
metabolism in birds should not only require the effec-
tive regulation of plasma glucose and fructose levels, but 
also the capacity for rapid transportation of both sug-
ars across the intestinal epithelium and to energetically 
demanding organs (e.g. flight muscles) (Shen et al. 2012). 
An initial avenue of investigation is to look for a signa-
ture of selection on the sequences of proteins related to 
glucose transport, glucosensing, and sugar homeostasis. 
Discovery of a signature convergent amino acid sequence 
associated with nectarivorous diets is a first step in iden-
tifying molecular adaptations by which animals subsist 
on high-sugar diets while avoiding metabolic dysfunc-
tion. Selection of a target protein for screening necessi-
tates consideration of how avian blood glucose regulation 
differs from that of mammals and other vertebrates, par-
ticularly with regard to glucose transporters (GLUTs). 
GLUTs are key players in sugar homeostasis, able to 
move hydrophilic sugars across the lipid bilayer (Uldry 
and Thorens 2004). In addition to transporting glucose 
and fructose, GLUTs also play vital roles in glucosens-
ing and blood glucose regulation, and facilitate insulin 
signalling (Taniguchi et al. 2006; Zhao and Keating 2007; 
Thorens and Mueckler 2010).

The insulin signalling pathway is not thoroughly char-
acterized in non-mammal species, but the role of insu-
lin appears broadly conserved in non-avian vertebrates 
(Polakof et  al. 2011). In mammals, the insulin pathway 
is as follows: circulating insulin binds to extracellu-
lar insulin receptors (IRs) of target tissues, triggering 
phosphorylation of IR substrates, which in turn activate 
the phosphatidyl inositol 3′-kinase-protein kinase B 
(PI3K-Akt) pathway. In response, glucose transporter 4 
(GLUT4)-bearing intracellular vesicles are translocated 
to the cell membrane (Taniguchi et  al. 2006; Dupont 
et al. 2009) resulting in increased glucose uptake capacity 
(Huang and Czech 2007).

While the insulin-mediated GLUT4 response is broadly 
conserved among fish, reptiles, and mammals (Shepherd 
and Kahn 1999; Polakof et  al. 2011; OsorIo-Fuentealba 
et  al. 2013), GLUT4 is absent from the genomes of all 
birds examined (Carver et  al. 2001; Seki et  al. 2003; 
Sweazea and Braun 2006; Braun and Sweazea 2008). 
Because birds lack GLUT4, insulin does not induce 
uptake of blood glucose into avian muscle, heart or adi-
pose tissues (Braun and Sweazea 2008), though birds do 
retain sensitivity to glucagon (Hazelwood 1973).

Despite the insensitivity of avian blood glucose to insu-
lin and hyperactivity of PI3K in chicken muscle (Dupont 
et al. 2004), evidence in chickens has shown that insulin 
still has a regulatory role over cell metabolism in chicken 
hepatoma cells and primary myocytes (Duchêne et  al. 
2008; Dupont et  al. 2009). Inhibition of chicken PI3K 

demonstrated that PI3K activity in both cell types is nec-
essary for normal insulin-induced activation of both the 
extracellular signal-regulated kinase/mitogen-activated 
protein kinase (ERK/MAPK) pathways and subsequent 
downstream phosphorylation and activation of p70 S6 
kinase (S6K1) (Duchêne et  al. 2008). These pathways 
upregulate cell growth and protein synthesis in mam-
mals, and likely chickens as well (Duchêne et  al. 2008; 
Dupont et al. 2009). Together the evidence suggests that 
despite a lack of GLUT4, insulin regulates cellular energy 
budgets in liver and muscle in chickens.

It is unknown whether the phenomena impacting 
insulin responsiveness in chickens are at work in other 
avian species. With the genetic absence of GLUT4, an 
open question is whether a nectar diet-induced selec-
tive pressure acts on another GLUT isoform involved 
in sugar homeostasis in avian nectarivores, and in turn 
on the insulin sensitivity of avian liver and muscle. We 
turned our attention to the glucosensing isoform neces-
sary for insulin and glucagon secretion in mice, GLUT2 
(Wu et  al. 1998; Thorens and Mueckler 2010; Long and 
Cheeseman 2015).

GLUT2 is most highly expressed in the gut and in 
key tissues of sugar homeostasis, such as intestines, 
liver, kidneys, and pancreatic beta islet cells of mam-
mals, and expression is similar in Chickens (Gallus gal-
lus) (Kono et al. 2005; Long and Cheeseman 2015; Byers 
et  al. 2018). In rodent models, presence and activity of 
GLUT2 are required for normal glucose sensing, which 
precedes insulin and glucagon secretion (Thorens and 
Mueckler 2010), and it is one of the few GLUTs to trans-
port both glucose and fructose, albeit with relatively 
low binding affinities (Wu et al. 1998; Long and Cheese-
man 2015). The high mammalian Km values of GLUT2 
(17 mM for glucose and 76 mM for fructose in humans; 
Uldry and Thorens 2004) mean that transport capacity 
is not saturated at the range of serum sugar levels typi-
cally experienced in mammals. This ensures that mam-
malian glucose uptake rate in glucose-sensing tissues is 
always reactive to changes in circulating glucose (Tho-
rens and Mueckler 2010). The mammalian protein also 
responds to glucose binding through interprotein inter-
actions, leading to transcriptional regulation (Leturque 
et  al. 2009).  Broiler chickens injected with insulin dem-
onstrated reduced liver expression of GLUT2 and IR 
transcripts, suggesting that GLUT2 is insulin sensitive in 
avian liver (Dupont et al. 2004). Decreased glucose trans-
port capacity in liver in response to insulin signalling may 
serve to make glucose more available to peripheral tis-
sues (Zhang et al. 2013). Caution must be taken in inter-
preting the results of Zhang et al. (2013), as much greater 
than physiologically relevant levels of insulin were 
administered to achieve a response. Still, the capacity for 
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insulin-stimulated GLUT2 regulation was nonetheless 
demonstrated.

Recently it was demonstrated that GLUT2 protein is 
constitutively expressed in both liver and primary flight 
muscle of the Ruby-throated Hummingbird (Archilochus 
colubris); further, dietary status altered GLUT2 protein 
expression in whole tissue homogenates of flight mus-
cle but not liver (Ali et  al. 2020). No change in plasma 
membrane recruitment of GLUT2 was seen in humming-
bird tissues between fed and fasted states. Whole tissue 
GLUT2 was, however, greater in the flight muscle of fed 
hummingbirds than in fasted ones, which may indicate 
regulation of a recruitable GLUT2 population or, alter-
natively, regulation of GLUT2 protein turnover (Ali et al. 
2020). A lack of change in observed plasma membrane 
GLUT2 suggested that the primary role of this trans-
porter is not in direct modulation of sugar uptake rate, 
but likely in glucosensing and regulation as described 
in other systems (Thorens 1996; Thorens and Mueckler 
2010; Ali et  al. 2020). As avian nectarivores, including 
hummingbirds, share the metabolic challenges of feed-
ing on sugar-rich nectar (Baker et al. 1998), we predicted 
that GLUT2 would have a similar and convergent role 
in glucosensing and sugar homeostasis in other avian 
nectarivores.

Given evidence of selection on GLUT4 in relation to 
dietary ecology and nectarivory in bats (Shen et al. 2012), 
but that birds lack GLUT4 and appear to utilize GLUT2 
in insulin responsiveness and glucose homeostasis 
(Dupont et al. 2004; Ali et al. 2020), we hypothesized that 
we would find a signature of nectarivorous dietary ecol-
ogy in the protein sequence of avian GLUT2.

Amino acid sequence divergence may be slow to accu-
mulate in highly-conserved regions where mutation is 
likely to disrupt protein functions. We therefore nar-
rowed our investigation to a region of the GLUT2 pro-
tein where sequence divergence was high. Sequence 
alignments reveal high conservation in the interior of the 
protein, while the N and C termini are the most highly 
divergent sections of the protein, in both sequence and 
length, among isoforms and orthologs (Katagiri et  al. 
1992; Zhao and Keating 2007). Amino acid sequences 
in transmembrane segments 9‒12 of GLUT2 influence 
substrate affinity for both glucose and fructose (Wu et al. 
1998). The C-terminal domain of GLUTs is required 
for the transport of glucose, yet it is diverse in size 
and amino acid sequence among GLUT isoforms and 
orthologs (Katagiri et al. 1992; Zhao and Keating 2007). 
It also plays a role in determining the rate of glucose 
transport across membranes (Katagiri et  al. 1992) and 
the C-terminal broadly contributes to determining the 
kinetic properties unique to each GLUT isoform (Kata-
giri et al. 1992). For these reasons, we focused our study 

on the C-terminal region and adjacent primary protein 
sequence. We hypothesized that there was sufficient flex-
ibility of the primary amino acid sequence for mutations 
to accumulate relatively rapidly in evolutionary time, per-
mitting evolution of a signature of nectarivorous diet.

To conduct our study, we considered as many instances 
of the evolution of avian nectarivory, through paired sis-
ter contrasts, as obtainable samples permitted. We were 
able to obtain tissue samples from 28 species represent-
ing ten paired contrasts (Fig.  1, Table  1). Not much is 
known about glucose metabolism and sugar homeostasis 
in most of the included species, but by utilizing paired 
sister contrasts of greatly varied morphology and evo-
lutionary history, we aimed to gain insight into sugar 
homeostasis applicable to all avian nectarivores. We per-
formed PCR amplification and Sanger sequencing from 
exon 10‒11 of the gene, which encode from the end of 
TM9 through most of the C-terminal domain (Kata-
giri et  al. 1992). With the differing foraging behaviours 
of nectarivores and non-nectarivores, we predicted that 
we would observe a convergent signature for nectari-
vory in the amino acid sequence of the C-terminal end of 
GLUT2 among clades representing independent origins 
of nectarivory.

Methods
Species coverage and primer design
Diet was categorized using The Handbook of the Birds of 
the World (Irestedt and Ohlson 2008; Schuchmann 2015) 
and species in which nectar eating was documented were 
noted, 1095 species in all (Additional file  1: Table  S1). 
After identifying nectar-consuming species, we used 
phylogenetic trees from the literature to perform ances-
tor state reconstruction to identify discrete instances of 
the evolution of nectarivory (Burns et  al. 2003; Warren 
et al. 2006; Zhang et al. 2007; Hackett et al. 2008; Irestedt 
and Ohlson 2008; Wright et al. 2008; Hedges and Kumar 
2009; Reding et al. 2009; Weir et al. 2009; Jønsson et al. 
2010; Sedano and Burns 2010; Moyle et  al. 2011). Mul-
tiple independent instances of the evolution of nectari-
vory, as well as nearest non-nectarivorous taxa for each 
instance of the evolution of nectarivory, were identified 
(Additional file 1: Table S2). Pectoralis muscle tissue sam-
ples of target species were obtained from either the Field 
Museum of Natural History (Chicago, Illinois, USA) or 
from the collections of the Weir and Welch laboratories 
(University of Toronto, Canada). We acquired 28 sam-
ples representing ten of the 22 identified clade pairs of 
unique origins of nectarivory (Table 1; Additional file 1: 
Table S2), and for each we performed Sanger sequencing 
of PCR products of the C-terminal end of the SLC2A2 
gene (encoding GLUT2) for one or a few nectarivorous 
species from each clade and the same for each of their 
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non-nectarivorous contrasts. Relationships of species 
sequenced are shown in Fig. 1 and explained in detail in 
supplementary materials (Additional file  2; Additional 
file 3: Fig. S1‒S4).

In order to identify conserved sequences of the C-ter-
minal end of the avian SLC2A2 gene for primer design, 
exons 10 and 11, as well as the encompassed intron, of 47 
randomly chosen birds were obtained from NCBI Gen-
Bank (Additional file 4: Table S3; Benson et al. 2005) and 

Archilochus colubris 
Calypte anna 
Apus affinis 
Cypseloides rutilus
Chaetura pelagica 
Lorius garrulus 
Melopsittacus undulatus 
Pionus menstruus 
Loriculus galgulus
Loriculus phili 
Agapornis cana
Bolbopsittacus lunulatus 
Oriolus larvatus 
Oriolus nigripennis 
Arachnothera longirostra 
Dicaeum trigonostigma 
Anthus lutescens 
Anthus novaeseelandiae 
Chlorophanes spiza 
Heterospingus rubrifrons 
Coereba flaveola 
Tiaris olivaceus 
Tangara xanthocephala 
Tangara florida 
Tangara icterocephala 
Thraupis episcopus 
Thraupis sayaca 
Neodrepanis hypoxtha 
Smithornis rufolateralis 

Fig. 1 Phylogenetic relationships of species sequenced. Blue and orange branches indicate nectarivores and non-nectarivores respectively. Branch 
lengths are not to scale. Tree was produced using Mesquite Version 3.61. (Maddison and Maddison 2019) and published phylogenies (Burns et al. 
2003; Warren et al. 2006; Zhang et al. 2007; Hackett et al. 2008; Irestedt and Ohlson 2008; Wright et al. 2008; Hedges and Kumar 2009; Reding et al. 
2009; Weir et al. 2009; Jønsson et al. 2010; Sedano and Burns 2010; Moyle et al. 2011; Jetz et al. 2012)
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aligned using MEGA 5.2 Alignment software (Tamura 
et al. 2011). Because our pairwise comparisons spanned 
widely across the avian lineage, the alignment of rand-
omized birds from across the Aves taxa allowed us to 
identify small, conserved target sites for primer design, 
such that the same primer sets could be used for all 
samples.

The most conserved regions of exon 10 and exon 11 in 
the alignment of the SLC2A2 gene were identified and 
primers were designed for these two exons to ensure 
amplification of samples from all species. Custom prim-
ers (value oligos) were synthesized by Thermo Fisher 
Scientific (Waltham MA, USA). The primer set for exon 
11 (E11) was designed to span the intron between exons 
10 and 11 and to be overlapping with the primer set 
for exon 10 (E10). The 5′ to 3′ sequences for E10 were 
GAG CTA TGT CAG CAT GGT CG (forward) and AGG 

GAA TTC TTA CCG CTA TGT ACT G (reverse). Anneal-
ing temperature was 54.5  °C and predicted product 
length was 200 base pairs. The respective sequences for 
E11 were GAA TGT GTT TCC AGT ACA TAG CGG  (for-
ward) and GCT GGA TGC TTC TTG CGG C (reverse). 
Annealing temperature was 55.5 °C and predicted aver-
age product length was 334 base pairs. Because E11 
spanned an intron, the actual predicted product size 
varied slightly due to intron variability. The average 
predicted size is based on sequences listed in Addi-
tional file  4: Table  S3. The primer sets were checked 
for specificity using NCBI Primer Blast (Ye et al. 2012) 
and were tested using mfold (Zuker 2003) to check for 
significant secondary structures in the template that 
might hinder primer binding. Both primer sets were 
tested on three different bird species that are distantly 
related (Apus affinis subfurcatus (Swifts), Agapornis 

Table 1 Representative species from  divergent taxa of  nectarivorous (with double asterisks) and  non-nectarivorous 
(without asterisks) diet used in this study

Arbitrary numbers are assigned to each contrast and dietary category is indicated

Contrast Clades compared Sequenced representatives of each contrast Common name

1 Lorikeets and budgerigars and an outgroup Lorius garrulus (nectarivore)** Chattering Lorry

Melopsittacus undulatus (non-nectarivore) Budgerigar

Pionus menstruus (non-nectarivore) Blue-headed Parrot

2 Sunbird-asities and broadbills Neodrepanis hypoxtha (nectarivore)** Yellow-bellied Sunbird-asity

Smithornis rufolateralis (non-nectarivore) Rufous-sided Broadbill

3 Hanging parrots and lovebirds/guaiaberos Loriculus galgulus (nectarivore)** Blue-crowned Hanging Parrot

Loriculus phili (nectarivore)** Philippine Hanging Parrot

Agapornis cana (non-nectarivore) Grey-headed Lovebird

Bolbopsittacus lunulatus (non-nectarivore) Guaiabero

4 Hummingbirds and swifts Calypte anna (nectarivore)** Anna’s Hummingbird

Archilochus colubris (nectarivore)** Ruby-throated Hummingbird

Apus affinis (non-nectarivore) House Swift

Cypseloides rutilus (non-nectarivore) Chestnut-collared Swift

Chaetura pelagica (non-nectarivore) Chimney Swift

5 Saffron-crowned tanager and related tanagers Tangara xanthocephala (nectarivore)** Saffron-crowned Tanager

Tangara florida (non-nectarivore) Emerald Tanager

Tangara icterocephala (non-nectarivore) Silver-throated Tanager

6 Flowerpeckers/sunbirds and motacillidae Arachnothera longirostra (nectarivore)** Little Spiderhunter

Dicaeum trigonostigma (nectarivore)** Orange-bellied Flowerpecker

Anthus lutescens (non-nectarivore) Yellowish Pipit

Anthus novaeseelandiae (non-nectarivore) Newzealand Pipit

7 Green Honeycreeper and related tanagers Chlorophanes spiza (nectarivore)** Green Honeycreeper

Heterospingus rubrifrons (non-nectarivore) Sulphur-rumped Tanager

8 O. larvatus and O. nigripennis Oriolus larvatus (non-nectarivore)** Black-headed Oriole

Oriolus nigripennis (nectarivore) Black-winged Oriole

9 T. episcopus and T. sayaca Thraupis episcopus (nectarivore)** Blue-gray Tanager

Thraupis sayaca (non-nectarivore) Sayaca Tanager

10 Banaquits and grassquits Coereba flaveola (nectarivore)** Bananquit

Tiaris olivaceus (non-nectarivore) Yellow-faced Grassquit
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cana (Grey-headed Parrot), and Arachnothera longiro-
stra (Little Spider Hunter)), to verify specificity.

DNA isolation
DNA extraction was performed using the E.Z.N.A tissue 
DNA kit (Omega Bio-tek Inc., Georgia, USA) following 
the manufacturer’s instructions with the following modi-
fications: due to limited tissue quantity, masses used were 
less than that recommended, all the centrifuging times 
were increased by 30 s, and DNA was eluted in 50 μL of 
sterile water rather than 100 μL of elution buffer. DNA 
purity was assessed by 260  nm/230  nm UV absorbance 
with a NanoDrop 1000 (Thermo Fisher Scientific). DNA 
integrity was verified by 1% agarose gel electrophoresis.

PCR and sequencing
20 μL reactions were performed using 0.5  μM of for-
ward and reverse primers, 1× colorless GoTaq DNA 
polymerase buffer, 2 mM Magnesium Chloride, 200 μM 
dNTPs, 1 U/μL GoTaq (Promega Corporation, Madison 
WI, USA), and approximately 20‒40  ng/μL of genomic 
DNA depending on yield of DNA extraction. Reactions 
were performed in an Applied Biosystems Thermocycler 
(Model#9902) using 2 min at 95 °C followed by 30 cycles 
of 95 °C for 1 min, primer-specific annealing temperature 
for 1 min, 72  °C for 1 min, and a final extension step of 
72 °C for 5 min. The annealing temperatures were 54.5 °C 
and 55.5  °C for primer sets E10 and E11 respectively. 
For reactions with low product yield the number of PCR 
cycles was increased to 35. In the event of non-specific 
amplification, template and magnesium concentrations 
were adjusted incrementally until specific amplification 
was achieved. Amplification specificity was verified using 
1% agarose gel electrophoresis.

The PCR product was then cleaned with ExoSap-IT 
(ThermoFisher Scientific, US) following the manufactur-
er’s protocol and using the same thermocycler described 
above. Products were sent to The Center for Applied 
Genomics (TCAG) (MacDonald et  al. 2014) for Sanger 
sequencing using the “difficult template” reaction chem-
istry option.

Data analysis
Sequences were aligned using the Mega 5.2 alignment 
software after translating the sequences using Expasy 
server (Gasteiger et al. 2003; Additional file 4: Table S4).

The amino acid sequences for Calypte 
anna (Anna’s Hummingbird; nectarivore; 
Accession#XM_008501315.1) and Chaetura pelag-
ica (Chimney Swift; non-nectarivore; Accession 
#XM_010006840.1) were obtained from NCBI GenBank 
(Benson et  al. 2005) to supplement our data and to use 
as reference points for aligning avian nectarivore and 

non-nectarivore GLUT2. The downloaded swift sequence 
was compared to our sequence from the same species in 
order to verify accuracy of sequencing. Subsequent to 
the start of our analyses, a de novo transcriptome from 
the Ruby-throated Hummingbird (Workman et al. 2018) 
was published, allowing us to verify the Ruby-throated 
Hummingbird sequence that we produced. We identified 
amino acid differences between nectarivorous and non-
nectarivorous birds in each contrast in the protein align-
ments and, depending on the number of representative 
species sequenced per contrast, performed either 2 × 2 
or 3 × 2 Fisher’s Exact Tests using R ver. 3.3.3 (R  Core 
Team 2020) to determine the statistical significance of 
these substitutions as putative signatures for nectarivory 
(Additional file 4: Table S5). A p-value < 0.05 was taken to 
be significant.

Results
Confirmation of sequence identity and subsequent 
sequence alignment
GLUT2 protein sequences encoded by exons 10 and 11 
in 10 paired contrasts of nectarivorous and non-nec-
tarivorous avian taxa were sequenced and these were 
translated into putative protein sequences (Additional 
file 4: Table S4). Primer set E10 showed amplification of 
the products at the expected product size with no non-
specific amplification. Primer set E11 showed amplifica-
tion of the products at or within a few dozen base pairs 
of the average expected product size with no non-specific 
amplification. Correct sequence amplification was con-
firmed through manual examination of chromatograms 
and resulting sequences. Our generated Chimney Swift 
sequence was identical to that downloaded from NCBI 
GenBank, and our generated Ruby-throated Humming-
bird sequence was identical to that generated by Work-
man et  al. (2018), further supporting accuracy of our 
Sanger sequencing. Both examined exons of GLUT2 were 
well conserved with only a few amino acid substitutions 
among avian species examined. Amino acid sequence 
variation was observed between nectarivores and non-
nectarivores within contrasts 3, 4, 6, and 8 (Table  2). 
None of these substitutions correlated with diet across all 
ten contrasts (Table 2).

Amino acid variation in exon 10 was only observed 
in contrast 4 at AA 411 and AA 447
Two substitutions were found when comparing exon 10 
of contrast 4, which contrasted nectarivorous humming-
birds with non-nectarivorous swifts (Table  2). Valine 
(Val) was replaced by Isoleucine (Ile) at position 411 in 
hummingbirds, and Val was replaced by Threonine (Thr) 
at position 447 in hummingbirds, near the end of exon 
10. All other birds examined had Valine at these positions 
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(Table  2). As this was only one of ten contrasts, we did 
not detect a statistically significant signature of conver-
gent selection on exon 10 of GLUT2 associated with 
the evolution of nectarivory (p > 0.05; Additional file  4: 
Table S5).

Amino acid variation in exon 11 was observed in five 
positions
In exon 11, 5 variable amino acid identities were 
observed among numbered paired contrasts. Table 2 and 
Additional file 4: Table S5 show the substitutions found at 
each location in each of the ten contrasts. Substitutions 
were observed at positions 476, 480, 484, 486, and 490 
(Table 2). At all locations except for 486, amino acid iden-
tity varied among numbered contrasts.

Variation at four amino acid positions in contrast 3
Variation at amino acid position 476, 480, 484, and 490 
was observed among species in contrast 3 (Hanging par-
rots and Lovebirds/Guaiaberos; Table  2), but no amino 
acid identity differed consistently between the nectari-
vorous and non-nectarivorous categories. Rather, both 
amino acids were found in the nectarivorous and/or the 

non-nectarivous category, so the variation could not 
be said to correlate with diet (p > 0.05; Additional file  4: 
Table S5).

Variation in AA 480 in contrast 8
At position 480, a difference was seen with diet in con-
trast 8 (Black-headed Oriole and Black-winged Oriole; 
Table 2) with the nectarivore having alanine (Ala) and the 
non-nectarivore having Glycine (Gly). Among other con-
trasts, both Ala and Gly were observed in nectarivores 
and non-nectarivores, and so this variation could not be 
correlated with nectar diet among birds (p > 0.05; Addi-
tional file 4: Table S5).

Variation in AA 486 in contrast 4
All birds sequenced had Phenylalanine (Phe) at posi-
tion 486, with the exception of two out of three swifts 
sequenced, which had Leucine (Leu; Table 2; Additional 
file 4: Table S4). This variation was not indicative of avian 
diet (p > 0.05; Additional file 4: Table S5).

Table 2  Amino acid variation in sequences examined 

Contrast 
number

Exon 10 Exon 11 

411 447 476 480 484 486 490

1 V V V A V F Y

V V V A V F Y

2 V V A A L F Y

V V A A L F Y

3 V V A/V A/G V/I F Y/H

V V A/V A/G V/I F Y

4 I T V A I F Y

V V V A V/I L/F Y/H

5 V V A G I F H

V V A G I F H

6 V V A G I F Y

V V A G I F H

7 V V A G I F H

V V A G I F H

8 V V A A I F Y

V V A G I F Y

9 V V A G I F H

V V A G I F H

10 V V A G I F H

V V A G I F H

Nectarivores are indicated by grey shadowing and their non-nectivarous contrasts by white. Variation between hummingbirds and swifts (contrast 4) is highlighted
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Variation at AA 490 in contrast 6
At position 490 variation was observed within contrast 
6 (Flowerpeckers/Sunbirds and Motacillidae; Table  2). 
Within contrast 6, the nectarivore had the amino acid 
Tyrosine (Tyr), while the non-nectarivore had Histidine 
(His); however, because both Tyr and His were observed 
among both nectarivores and non-nectarivores in this 
study, the variation within amino acid 490 cannot be 
attributed to diet with statistical significance (p > 0.05; 
Additional file 4: Table S5).

Variation at AA 484 and 490 in contrast 4
Variation was also seen within contrast 4 at positions 
484 and 490, but this variation did not correlate with diet 
within contrast 4 or among birds (Table 2; p > 0.05; Addi-
tional file 4: Table S5).

No AA identity correlated with diet across multiple 
contrasts
In summary, when all ten contrasts were considered 
using Fisher’s Exact Tests (Additional file  4: Table  S5), 
no amino acid substitution exhibited a significant signa-
ture of convergence in nectarivores across all contrasts 
(p > 0.05; Additional file 4: Table S5).

Discussion
We tested for a signature of convergent selection on the 
primary amino acid sequence of GLUT2 associated with 
the evolution of a sugar-rich nectarivore diet. We did 
not detect a signature of nectarivory reflected in GLUT2 
sequence divergence across the contrasts included in 
this study and protein sequences were mostly conserved 
among avian taxa. While we did identify two amino acid 
substitutions in hummingbirds relative to not just swifts, 
but all other birds examined, these substitutions were 
only observed in one contrast; thus, they could not be 
concluded to be adaptive to nectarivory among birds. 
No evidence was found for convergent evolution within 
the functional gene of interest among avian nectarivores, 
and this conclusion is strengthened by our consideration 
of ten phylogenies representing ten different instances of 
macroevolution of nectarivory. Hummingbirds are the 
oldest known avian nectarivores dating back to 33 mil-
lion years ago and show the most specialization for nec-
tar feeding amongst avian nectarivores (Nicolson and 
Fleming 2003). As such, there has been ample time for 
natural selection due to nectarivory to act on these birds 
and it is not improbable for the two substitutions found 
only in hummingbirds to be functionally relevant.

It is surprising not to find evidence of convergent 
selection on the regulatory (Katagiri et  al. 1992) C-ter-
minal region of GLUT2 in nectarivores, given the large 
variation in blood sugar levels that examined specialist 

nectarivores experience (17‒42  mM glucose in hum-
mingbirds; Beuchat and Chong 1998; 11.52‒16.51  mM 
in amethyst sunbirds; Witteveen et  al. 2014), as well as 
GLUT2′s posited role in avian insulin signaling and glu-
cosensing (Zhang et al. 2013; Ali et al. 2020). In interpret-
ing the implications of no signature of selection we first 
reconsider the state of knowledge of avian GLUT2 in glu-
cose metabolism.

The GLUT isoform responsible for pancreatic gluoco-
sensing may vary among animals (Mueckler and Thorens 
2013), but GLUT2 is the most likely candidate in birds, 
with transcript expression orders of magnitude higher 
than that of other GLUT isoforms in chicken pancreas 
(Byers et al. 2018). Furthermore, liver GLUT2 transcript 
expression in chickens (Kono et  al. 2005; Byers et  al. 
2018), and protein expression in hummingbirds (Ali et al. 
2020), are the most abundant of GLUT isoforms investi-
gated, further suggesting a role for GLUT2 in avian glu-
cosensing. There is evidence that the response of GLUT2 
to dietary status may vary among birds, which leads to 
a prediction of selection upon GLUT2 by diet. GLUT2-
mediated glucosensing in mammalian liver is implicated 
in control of insulin secretion through a liver-beta islet 
axis (Thorens 2015). While Zhang et  al. (2013) found 
preliminary evidence that chicken GLUT2 may have the 
capacity to respond to insulin in liver through modula-
tion of transcription rate, Ali et al. (2020) found evidence 
that hummingbird GLUT2 protein degradation rate may 
respond to dietary status in flight muscle but not liver, 
so uniform responsiveness of GLUT2 to dietary status 
among birds is uncertain.

The importance of GLUT2 in avian nectarivores 
may extend to skeletal muscle more so than is the case 
in mammals. The constitutive presence of GLUT2 in 
hummingbird whole liver, and decrease of GLUT2 in 
hummingbird whole flight muscle with unchanging 
abundance in flight muscle plasma membrane fraction, 
suggests that GLUT2 may play a role in glucosensing, 
and perhaps in modulation of glucose uptake capacity, 
in flight muscle (Ali et  al. 2020). This is especially rele-
vant given that GLUT2 is absent in mammalian muscle 
(Gaster et  al. 2000). In avian taxa, in which examined 
muscle lacks GLUT4 and IRs appear broadly insensitive 
to insulin with regard to induction of PI3K expression, 
though still necessary for downstream signal transduc-
tion (Duchêne et  al. 2008; Dupont et  al. 2009), GLUT2 
may act as a glucosenser independently of activity level of 
the PI3K-Akt pathway.

In light of the aforementioned evidence that GLUT2 
is key to avian glucosensing and insulin regulation, but 
also no detected signature of selection by diet, it is neces-
sary to consider the possibility of selection downstream 
of sugar uptake by tissues. In muscle, uncharacterized 
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transcription factors or uncharacterized GLUT2 recep-
tors, rather than GLUT2 itself, may contain a signature 
of nectarivory such as we hypothesized that we would 
detect in GLUT2 (Leturque et al. 2009).

Chicken liver IR and GLUT2 transcripts have the 
capacity to respond to insulin (Dupont et  al. 2004; 
Zhang et  al. 2013). In hummingbird muscle, fasting 
reduced whole tissue GLUT2 protein with unknown 
downstream consequences (Ali et  al. 2020). Taken 
together these results implicate IRs or downstream 
messengers as possible targets of convergent selection 
in the livers of nectarivores, following GLUT2-medi-
ated glucosensing as well as GLUT2-mediated insulin 
secretion. GLUT2 was a promising protein in which 
to look for a signature of convergent selection, but 
if it was ruled out, IRs and members of the PI3K-Akt 
pathway would become tantalizing targets for future 
investigations.

Another major player in glucosensing is Hexokinase 4 
(glucokinase; GK). It is expressed primarily in the liver 
and pancreas of mammals (Rideau et  al. 2010) and has 
been detected in the livers of chicken and quail (Wals and 
Katz 1981). GK phosphorylates glucose transported into 
the cell by GLUT2 and other transporters (Polakof et al. 
2011). The rate of glucose phosphorylation by glucoki-
nase transmits information on the rate of glucose uptake 
by GLUT2, which reflects blood glucose concentration 
(Polakof et  al. 2011). Changes in the glucokinase gene, 
rather than GLUT2, may confer variation in function that 
modulate glucosensing and sugar homeostasis in nectari-
vorous birds and will be a target of future study.

Lack of an observed signature could be indictive of 
novel GLUT function or kinetics among birds, relative 
to mammals. In order to serve an effective glucosensing 
function GLUT2-mediated glucose uptake rate in necta-
rivores must be responsive to an elevated range of glucose 
concentration compared to non-nectarivores (Blem 1976; 
Braun and Sweazea 2008). For this reason, one would 
expect nectarivore GLUT2 to have a higher Km than that 
of non-nectar eating birds, in order to prevent saturation 
of the transporter during rises in blood glucose follow-
ing feeding. The C-terminal end of the protein is influ-
ential in determining substrate affinity and transporter 
kinetics (Katagiri et  al. 1992) but, despite this, we did 
not find differences in amino acid sequence among diets. 
This could suggest that, regardless of avian species or die-
tary ecology, the kinetics of avian GLUT2 are such that 
GLUT2 is not saturated to maximal transport velocity, 
even at the high blood glucose concentrations of necta-
rivores, including hummingbirds (Blem 1976; Braun and 
Sweazea 2008). If this was the case, avian GLUT2 might 
be preadapted to handle high concentrations of circulat-
ing sugar, as compared to model mammalian organisms. 

Alternatively, other areas of the protein, such as the sub-
strate binding site, may differ between nectarivores and 
non-nectarivores. Another potential explanation is that 
GLUT2-mediated transport indeed reaches Vmax in the 
glucosensing tissues of some birds. If so, it would be 
unknown by what mechanism these birds sense differ-
ences in blood glucose concentrations in high ranges.

Existing literature led us to suspect that the region of 
GLUT2 examined in this study was the most promising 
target in which to look for a signature of diet and so we 
focused our efforts there, but other regions of the protein, 
such as transmembrane segments 7‒8 (Wu et  al. 1998) 
and the QLS motif (Seatter et al. 1998), also exert influ-
ence on substrate specificity and kinetics and may vary 
among species and diets. Future cloning and transport 
kinetics studies will determine the Km of hummingbird 
GLUT2, following recent hummingbird transcriptome 
sequencing (Workman et  al. 2018). Another target for 
future investigations is the large intracellular loop which, 
like the C terminal, is involved in signal transduction 
(Guillemain et al. 2000).

Conclusions
Although we predicted that we would see convergent 
mutations across nectarivorous taxa relative to non-
nectarivorous contrasts, we did not find a robust sig-
nature for convergence in GLUT2 sequences amongst 
birds with independent origins of nectarivory. We did, 
however, identify two amino acid substitutions unique to 
hummingbird GLUT2, which present targets for future 
functional investigation. Our results advance the state 
of knowledge of glucosensing in avian nectarivores by 
ruling out the regulatory C-terminal end and adjacent 
region of GLUT2 as a site of convergent selection by nec-
tarivory (with the possible exception of hummingbirds). 
This finding allows future studies to home in on targets 
downstream or parallel to GLUT2 in the glucosensing 
pathways. GK, IRs, and downstream members of the 
PI3K-Akt pathway should be investigated in follow-up 
studies. Future genome-wide comparisons can be lever-
aged to screen these pathways for signatures of diet and 
expand upon this initial study.
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