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It has often been suggested that the genome sizes of birds are constrained relative to other tetrapods owing

to the high metabolic demands of powered flight and the link between nuclear DNA content and red

blood cell size. This hypothesis predicts that hummingbirds, which engage in energy-intensive hovering

flight, will display especially constrained genomes even relative to other birds. We report genome size

measurements for 37 species of hummingbirds that confirm this prediction. Our results suggest that

genome size was reduced before the divergence of extant hummingbird lineages, and that only minimal

additional reduction occurred during hummingbird diversification. Unlike in some other avian taxa, the

small amount of variation observed within hummingbirds is not explained by variation in respiratory and

flight-related parameters. Unexpectedly, genome size appears to have increased in four unrelated hum-

mingbird species whose distributions are centred on humid forests of the upper-tropical elevational

zone on the eastern slope of the Andes. This suggests that the secondary expansion of the genome

may have been mediated by biogeographical and demographic effects.
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1. INTRODUCTION
It has long been recognized that genome size, nucleus size

and red blood cell size are positively correlated among

vertebrates (Gregory 2001). Given that larger cells exhibit

lower surface area to volume ratios and are therefore less

efficient for gas exchange, it has been argued that groups

with high metabolic demands are constrained to small

cells, and therefore possess small genomes (e.g. Szarski

1983). Not surprisingly, vertebrates exhibiting metaboli-

cally intense powered flight (i.e. birds and bats) have

been hypothesized to be particularly constrained in this

regard (Hughes & Hughes 1995). Thus, birds possess

smaller average genomes than any other tetrapod group

(Andrews et al. 2009), and bats display small genomes

relative to most other mammals (Smith & Gregory 2009).

Broad comparisons have revealed inverse correlations

between genome size and resting metabolic rate in both

birds and mammals (Vinogradov 1995; Gregory 2002),

and more recently genome size has been found to

correlate negatively with heart index in birds generally

(Vinogradov & Anatskaya 2006) and positively with

wing loading within the avian order Passeriformes

(Andrews et al. 2009). Importantly, it has recently been

shown that saurischian dinosaurs (from which birds are

derived) had already undergone an initial reduction in

genome size prior to the evolution of flight (Organ et al.

2007), though their estimated genome sizes were larger
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than those of most modern birds. Moreover, genome

sizes have been suggested to assort according to flight

ability in extant birds, with strong fliers possessing the

smallest genomes and flightless birds some of the largest

(Hughes 1999; Gregory 2005). In other words, genome

reductions appear to have both preceded the origin of

flight and become more pronounced in groups that

evolved strong flight.

Hummingbirds (order Apodiformes, family Trochili-

dae) are widely recognized as exhibiting mass-specific

metabolic rates of aerobic metabolism that approach

theoretical limits for vertebrates (approx. 40 ml O2 g21 h21

during stationary hovering flight) (Bartholomew &

Lighton 1986). Hummingbirds correspondingly possess

the highest relative heart volumes, lung volumes, mito-

chondrial volume densities, mitochondrial respiration

rates and capillary volume densities compared with any

vertebrates (Suarez et al. 1991; Suarez 1992).

The challenge of maintaining metabolically intense

hovering flight is especially acute for hummingbirds

living at high elevations (up to 5000 m) owing to the

reduced oxygen availability and increased difficulty of

generating lift in air of lower density. However, it has

been shown that oxygen delivery in particular, rather

than air density, is the primary limiting factor in

hummingbird flight at high elevations (Altshuler &

Dudley 2006). Thus, it is not surprising that these

birds possess very small erythrocytes that can both pass

through small, numerous capillaries and exchange respir-

atory gases efficiently owing to a high surface area to

volume ratio (Hartman & Lessler 1963; Opazo et al.

2005).
This journal is q 2009 The Royal Society
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Flight metabolism, body size and red blood cell size

considerations suggest that hummingbirds can be

expected to have particularly small genomes. However,

despite their obvious relevance to understanding avian

genome size evolution, no hummingbird genome size esti-

mates are currently available. Here we rectify this major

gap in the bird dataset by providing genome size estimates

for 37 species representing eight of the nine major clades

of extant hummingbirds (McGuire et al. 2009), along

with original data on nucleus size, cell size, cardiac

mass, haematocrit (Hct), haemoglobin concentration,

body mass, wing loading and elevation, all analysed

within a phylogenetic context.
log10 genome size (pg)
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Figure 1. The relationship between genome size and red
blood cell size (dry area) in hummingbirds (open circles)
and other birds (closed circles). Hummingbirds display not

only the smallest genomes among birds, but also the smallest
erythrocytes. The relationship between these parameters is
significant across all birds (solid line), among non-humming-
birds (short-dashed line) and within hummingbirds

(long-dashed line).
2. MATERIAL AND METHODS
(a) Haematology and genome size

Blood was drawn from the brachial vein into heparinized capil-

lary tubes for preparation of blood smears and centrifugation

for measurement of Hct. Haemoglobin concentration was

measured using the Haemocue system with a correction for

avian blood (Simmons & Lill 2006). A 200 : 1 dilution of

whole blood in saline was prepared for the quantification of

red blood cell concentration (RBC) using a haemocytometer.

Mean corpuscular volume (MCV) was calculated as Hct/

RBC. Dry nuclear and erythrocyte areas were measured by

computer image analysis following Wright staining. Genome

size and haematological data are provided in electronic

supplementary material, appendix 1.

Genome size was estimated by Feulgen image analysis den-

sitometry using the protocol described in detail by Hardie

et al. (2002), using chicken (Gallus gallus, 1.25 pg) as the stan-

dard. Air-dried blood smears were post-fixed overnight in 85

methanol : 10 formalin : 5 glacial acetic acid, rinsed in tepid

tap water and hydrolyzed for 120 min in 5 N HCl at room

temperature before being stained for 120 min in freshly pre-

pared Schiff reagent and passed through a series of bisulphite

and distilled water rinses. Integrated optical densities were

measured for at least 200 nuclei per individual using the

Bioquant Life Science software package and an Optronics

DEI-750 CE three-chip CCD camera mounted on a Leica

DM LS microscope with a 100� lens.

(b) Morphology and distribution

Birds were weighed in the field with a digital scale. Wing area

was quantified using digital photographs of the wings spread

on a graph paper, with the leading edge of the wings held

parallel. Wing loading was calculated as body mass (g) over

wing area (mm2). Morphological data are provided in

electronic supplementary material, appendix 1. Voucher

specimens were prepared and deposited along with associated

frozen tissues at the Museum of Southwestern Biology

(University of New Mexico, USA) and Centro de Ornitologı́a

y Biodiversidad (Lima, Peru). All specimen data are available

online at http://arctos.database.museum/SpecimenSearch.cfm,

and are searchable using the catalogue numbers listed in

electronic supplementary material, appendix 2. Distribution

size data for each species were quantified using species range

polygons developed by Ridgely et al. (2003).

(c) Phylogenetic and comparative analyses

The phylogeny with branch lengths for the 37 hummingbird

species and one outgroup is a majority-rule consensus tree

from a partitioned Bayesian analysis of two mitochondrial

and two nuclear genes (electronic supplementary material,
Proc. R. Soc. B (2009)
appendix 3). Details of laboratory methods, four loci, nine

process partitions and Bayesian phylogenetic methods are

contained in McGuire et al. (2007). Tissue samples and

GenBank accession numbers for all 38 taxa are listed

(electronic supplementary material, appendix 2). Non-

synonymous to synonymous ratios (v) were calculated for

each branch of the tree using the branch model of the

codeml module of PAML (Yang 2007). Genome sizes for

each species were analysed against v for the corresponding

terminal branch.

For comparisons of genome size and other species charac-

teristics, Felsenstein’s (1985) phylogenetically independent

contrasts (PICs) were calculated using log-transformed

data in the PDAP module of Mesquite v. 2.5 (Midford

et al. 2003; Maddison & Maddison 2008). One degree of

freedom was subtracted for each branch in the single polyt-

omy (Purvis & Garland 1993; Garland & Dı́az-Uriarte

1999). Mass-corrected PICs were conducted in MESQUITE

by first performing independent contrast correlations

between parameter 1 (e.g. wing loading) versus body mass

and saving the residuals, repeating for parameter 2 (e.g.

genome size) versus body mass, and then analysing these

residuals together by Pearson correlations forced through

the origin. Results of correlation analyses are provided in

electronic supplementary material, appendix 4. Squared

change parsimony was used to reconstruct ancestral

genome sizes.
3. GENOME SIZES OF HUMMINGBIRDS
Our results indicate that the genome sizes of humming-

birds are, as predicted, constrained even relative to

other amniotes (electronic supplementary material,

appendix 1). In the present dataset, these ranged from

0.91 pg in the black-chinned hummingbird (Archilochus

alexandri) to 1.29 pg in the wedge-billed hummingbird

(Schistes geoffroyi) and averaged only 1.03 pg+0.01 s.e.

(note that 1 pg ¼ 978 Mb). By contrast, the average for

other birds as a whole is 1.42 pg+0.01 s.e.; whereas

http://arctos.database.museum/SpecimenSearch.cfm
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Campylopterus largipennis (1.00 pg)

0.91 – 0.96
0.96– 1.01
1.01 – 1.06
1.06 – 1.11
1.11 – 1.16
1.16 – 1.21
1.21 – 1.26
1.26 – 1.31
1.31 – 1.36
1.36 – 1.41
1.41 – 1.46

Amazilia lactea (0.97 pg)

Amazilia amazilia (1.06 pg)

Chrysuronia oenone (0.96 pg)

Taphrospilus hypostictus (1.05 pg)

Thalurania furcata (0.99 pg)

Archilochus alexandri (0.91 pg)

Thaumastura cora (1.04 pg)

Patagona gigas (1.08 pg)

Adelomyia melanogenys (1.08 pg)

Aglaiocercus kingi (1.04 pg)

Chalcostigma herrani (0.99 pg)

Metallura tyrianthina (1.03 pg)

Metallura phoebe (1.01 pg)

Lesbia nuna (0.98 pg)

Lesbia victoriae (1.01 pg)

Oreotrochilus melanogaster (1.04 pg)

Oreotrochilus estella (1.02 pg)

Polyonymus caroli (1.03 pg)

Heliangelus micraster (0.97 pg)

Ocreatus underwoodii (1.01 pg)

Pterophanes cyanopterus (1.08 pg)

Heliodoxa leadbeateri (1.19 pg)

Coeligena iris (1.04 pg)

Lafresnaya lafresnayi (1.00 pg)

Anthracothorax nigricollis (0.97 pg)

Colibri coruscans (1.02 pg)

Colibri thalassinus (1.02 pg)

Schistes geoffroyi (1.29 pg)

Eutoxeres condamini (1.14 pg)

Glaucis hirsutus (1.02 pg)

Threnetes leucurus (1.00 pg)

Phaethornis ruber (0.98 pg)

Phaethornis hispidus (1.02 pg)

Phaethornis guy (1.16 pg)

Phaethornis malaris (1.07 pg)

Florisuga mellivora (1.01 pg)

Caprimulgus longirostris (1.27 pg)

Passeriformes (1.32 pg)

Psittaciformes (1.41 pg)

Figure 2. Phylogeny of the 37 hummingbirds studied here, showing the distribution (and general lack of diversity) in genome

size among species. The band-winged nightjar (Caprimulgidae: C. longirostris) is included as a close outgroup of the humming-
birds, and the clade consisting of perching birds (Passeriformes) and parrots (Psittaciformes) provides a more distant outgroup,
with average genome size estimates based on the same methods used in the present analysis (Andrews & Gregory 2009;
Andrews et al. 2009). Branch colours indicate the results of a squared change parsimony reconstruction of ancestral
genome sizes. Species with a centre of abundance at the humid forests of the upper tropical zone are indicated by arrows.

These appear to have independently undergone an increase in genome size; another species sometimes found in the same
region (C. thalassinus) displays a broader habitat tolerance and has not undergone an increase.
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for non-avian reptiles it is 2.24 pg+0.04 s.e. and for

mammals it is 3.37 pg+0.04 s.e. (Gregory 2009).

Despite the very limited diversity in genome size among

hummingbirds, and following correction for phylogenetic

non-independence of species data, genome size was

positively correlated with dry nucleus area (r ¼ 0.60,

p ¼ 0.0001), dry erythrocyte area (r ¼ 0.33, p , 0.05)

and MCV (r ¼ 0.55, p ¼ 0.0004) in this group. The rela-

tive sizes of hummingbird genomes and cells as compared

with other birds are shown in figure 1.

Neither genome size nor MCV was significantly

correlated with body size, Hct or haemoglobin concen-

tration (all p . 0.17). MCV was unrelated to either

absolute or relative heart mass (all p . 0.18), whereas

genome size was positively correlated with absolute
Proc. R. Soc. B (2009)
(r ¼ 0.41, p , 0.02), but not relative (p . 0.2), heart

mass. Unlike in perching birds (Andrews et al. 2009),

genome size was not significantly related to wing load-

ing in hummingbirds (p . 0.44). Hummingbirds are

of particular interest in this regard because wing loading

is also unrelated to body mass in this group (p . 0.99);

this is explained by an unusually large increase in wing

area with increasing body mass (r ¼ 0.92, p , 0.0001).

Hummingbird wing loading varies in accordance with

altitude and in terms of a trade-off between flight effi-

ciency and aerial maneuverability (Altshuler & Dudley

2002). As such, wing loading may not reflect the

underlying interspecific variation in metabolic activity

in hovering birds as it does in birds with other styles

of flight.
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It is clear that hummingbirds possess the smallest and

least variable genome sizes of any bird family studied thus

far. However, two important questions remain regarding

the limited amount of diversity that does exist within

this group: (i) Are the small genome sizes of humming-

birds derived or ancestral features? (ii) Why do a few

hummingbirds have larger genomes than others?

The lineage leading to hummingbirds diverged

successively from the nightjars (Caprimulgidae), the

owlet-nightjars (Aegothelidae) and the swifts (Apodidae

and Hemiprocnidae) between the Late Cretaceous and

Eocene, although precise divergence date estimates

remain contentious (Ericson et al. 2006; Brown et al.

2007, 2008; Hackett et al. 2008). We estimated the

genome size of the band-winged nightjar (Caprimulgidae:

Caprimulgus longirostris) to be 1.27 pg, which is larger

than all but one of the hummingbird genome sizes

assessed. Overall, it is clear that a marked reduction in

hummingbird genome size occurred after the divergence

of hummingbirds and nightjars, but before the most

recent common ancestor of extant hummingbirds

(figure 2). We hypothesize that hovering flight and

reduced genome size evolved in concert early in the hum-

mingbird lineage. Further genome size estimates for

owlet-nightjars and swifts and cell size estimates for

fossil Apodiformes will bear on this hypothesis (Mayr

2004; Organ et al. 2007; Organ & Shedlock 2009), but

remain unavailable at present.

Interestingly, the species with the largest genomes

(and the only ones that exceed the mean by more than

10%)—the buff-tailed sicklebill (Eutoxeres condamini;

1.14 pg), the violet-fronted brilliant (Heliodoxa leadbeateri;

1.19 pg), the green hermit (Phaethornis guy; 1.16 pg) and

the wedge-billed hummingbird (S. geoffroyi; 1.29 pg)—all

have a centre of abundance in the upper tropical zone,

900–1600 m elevation, where they are restricted to

humid, evergreen forests (Parker et al. 1996). As these

species are not close relatives (figure 2), they appear to

represent four independent increases in genome size

associated with movement into the upper tropical zone.

One other species in our dataset, the green violet-ear

(Colibri thalassinus), shares this centre of abundance but

has a typically diminutive genome of 1.02 pg. Unlike the

other four species from this zone, the green violet-ear has

a broader habitat tolerance that includes secondary forest

and scrub as high as 3150 m elevation. One possible expla-

nation for this pattern is that the long, narrow distributions

of these four species along the flanks of the Andes support

small effective populations, such that selection against

mildly deleterious DNA insertions is less effective and

genome sizes increase secondarily (Lynch & Conery

2003). In addition, climatic fluctuations may have caused

population bottlenecks that were more severe or frequent

for species in this ecoclimatic zone than for species

occurring at higher or lower elevations.

We found a phylogenetically independent, inverse cor-

relation between geographical range size and genome size

(r ¼ 20.50, p ¼ 0.0016) that is consistent with the popu-

lation size hypothesis. A further test is provided by the

ratio of non-synonymous to synonymous substitutions in

mitochondrial protein-coding genes, which may tend to

be higher in smaller populations owing to genetic drift of

slightly deleterious mutations (Popadin et al. 2007).

However, non-synonymous to synonymous ratios for
Proc. R. Soc. B (2009)
mitochondrial ND2 and ND4 genes were not elevated in

hummingbirds with enlarged genomes (r ¼ 0.11, p ¼ 0.52).
4. CONCLUDING REMARKS
Relative to other birds (and indeed, all tetrapods), hum-

mingbirds exhibit small and minimally variable genome

sizes. This observation is consistent with the hypothesis

that the metabolic demands of powered flight, which are

extreme in these hovering birds, have played a role in

the evolution of reduced genome sizes of birds, probably

through the intermediate of cell size (Hughes & Hughes

1995; Organ et al. 2007; Andrews et al. 2009). However,

although genome size and cell size are positively corre-

lated within hummingbirds as they are across birds (and

vertebrates generally), metabolic and flight-related factors

do not appear to account for the limited genome size vari-

ation that does exist in this group. Instead, the clearest

pattern relates to habitat, with species that have indepen-

dently specialized on upper-tropical zone humid forests

exhibiting larger genomes. This could reflect demo-

graphic impacts on genome evolution, but this hypothesis

needs to be tested with additional taxon sampling. In any

case, the results of the present study reinforce the growing

recognition of an important evolutionary interplay

between features at the genomic, cellular, organismal

and ecological levels.
Hummingbirds were captured in mistnets in Peru and New
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Mexico, and according to University of New Mexico and
University of California-Berkeley animal utilization
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