PROCEEDINGS B

royalsocietypublishing.org/journal/rspb

)

Research

updates

Cite this article: Wu Y, Wang H. 2019
Convergent evolution of bird-mammal shared
characteristics for adapting to nocturnality.
Proc. R. Soc. B 286: 20182185.
http://dx.doi.org/10.1098/rspb.2018.2185

Received: 27 September 2018
Accepted: 5 February 2019

Subject Category:
Evolution

Subject Areas:
evolution, ecology, genetics

Keywords:
nocturnality, endothermy, low temperature,
habitat shift

Author for correspondence:
Yonghua Wu
e-mail: wuyh442@nenu.edu.cn

Electronic supplementary material is available
online at https://dx.doi.org/10.6084/m9.
figshare.c.4400759.

THE ROYAL SOCIETY

PUBLISHING

Convergent evolution of bird-mammal
shared characteristics for adapting to
nocturnality

Yonghua Wu'2 and Haifeng Wang?

Lchool of Life Sciences, Northeast Normal University, 5268 Renmin Street, Changchun 130024, People’s
Republic of China

2Jilin Provindial Key Laboratory of Animal Resource Conservation and Utilization, Northeast Normal University,
2555 Jingyue Street, Changchun 130117, People’s Republic of China

SDepartment of Bioengineering, Stanford University, Stanford, CA 94305, USA

= YW, 0000-0001-7365-6500

The diapsid lineage (birds) and synapsid lineage (mammals), share a suite of
functionally similar characteristics (e.g. endothermy) that are considered to
be a result of their convergent evolution, but the candidate selections leading
to this convergent evolution are still under debate. Here, we used a newly
developed molecular phyloecological approach to reconstruct the diel
activity pattern of the common ancestors of living birds. Our results strongly
suggest that they had adaptations to nocturnality during their early evol-
ution, which is remarkably similar to that of ancestral mammals. Given
their similar adaptation to nocturnality, we propose that the shared traits
in birds and mammals may have partly evolved as a result of the convergent
evolution of their early ancestors adapting to ecological factors (e.g. low
ambient temperature) associated with nocturnality. Finally, a conceptually
unifying ecological model on the evolution of endothermy in diverse
organisms with an emphasis on low ambient temperature is proposed. We
reason that endothermy may evolve as an adaptive strategy to enable organ-
isms to effectively implement various life-cycle activities under relatively
low-temperature environments. In particular, a habitat shift from high-
temperature to relatively low-temperature environments is identified as a
common factor underlying the evolution of endothermy.

1. Introduction

Extant birds and mammals share a number of highly similar characteristics,
including but not limited to, enhanced hearing, vocal communication,
endothermy, insulation, shivering, respiratory turbinates, high basal metab-
olism, grinding, sustained activity, four-chambered heart, high blood
pressure, and intensive parental care [1-8]. These bird-mammal shared charac-
teristics (BMSC) are considered to have evolved convergently in the two groups
[4], while the selection pressures that underlie their convergent evolution are
still under debate. To date, many candidate selections, which are not necessarily
mutually exclusive, have been proposed [9-11] and popular views suggest that
BMSC (e.g. endothermy) evolved primarily for increased sustained activity [1]
and enhanced parental care [4,5]. On the other hand, the traditional view, the
thermal niche expansion model, proposes that nocturnality may have facilitated
the evolution of endothermy in ancestral mammals that would not necessarily
feature a high resting metabolic rate typical of most living mammals [2,8].
Indeed, early mammals are widely accepted as having been nocturnal [12,13],
and it has been hypothesized that the evolution of endothermy may have
allowed them to overcome ambient low-temperature constraints to be active at
night, while diurnal ectothermic reptiles essentially depend on sunlight to
increase their body temperature to operational levels [12,14]. The nocturnality
hypothesis is criticized as being suitable only to mammals [1], partly because
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so far only the nocturnality of the synapsid lineages (e.g. early
mammals) is well known, while the possible nocturnal
activity of the diapsid lineages (e.g. birds), especially during
their early evolution, is unknown.

The diel activity pattern of ancestral birds has received
less attention. To date, there are only two relevant studies
based on behaviour or morphology analyses. A maximum-
likelihood reconstruction based on behavioural data suggests
the diurnality of the common ancestor of living birds (CALB)
[15]. This study classifies each species as either diurnal or
nocturnal without consideration of other behavioural possibi-
lities (e.g. crepuscular or cathemeral) or behavioural
complexity, for instance, the widespread existence of the
occasional nocturnality of typically diurnal birds [16], and
hence this result may be less accurate. Another study uses a
phylogenetic discriminant analysis to reconstruct the diel
activity patterns of four fossil basal birds (Archaeopteryx litho-
graphica, Confuciusornis sanctus, Sapeornis chaoyangensis,
Yixianornis grabaui) based on eye morphology data, and the
result demonstrates their diurnality [17]. The phylogenetic
discriminant analysis approach is criticized for its inability
to distinguish diurnality from cathemerality (i.e. active both
day and night) [18,19], and hence uncertainty remains con-
cerning the diel activity patterns of these basal birds. Given
the uncertainties of the results, the diel activity pattern of
ancestral birds remains unclear.

The recent development of a molecular phyloecological
(MPE) approach allows us to reconstruct the diel activity pat-
tern of ancestral taxa using molecular data [13,20-22]. The
MPE approach has been applied to analyse the diel activity
patterns of birds and mammals, and the results demonstrate
its sensitivity to distinct animals with different diel activity
patterns, showing that nocturnality, diurnality, and cathe-
merality are featured by enhanced positive selection of dim-
light vision genes (rod-expressed genes), bright-light vision
genes (cone-expressed genes), and both, respectively
[13,20,22]. In this study, we employed the MPE approach to
reconstruct the early evolution of the diel activity patterns
in diapsid lineages. Our results reveal that diapsid lineages
exhibit similar nocturnality adaption to that of synapsid
lineages. Our findings provide insights into the candidate selec-
tion that underlies the convergent evolution of the shared
characteristics, especially endothermy, in birds and mammals.

2. Results and discussion

(a) Evidence for the nocturnality of diapsid lineages
Following the MPE approach for studying the diel activity
pattern of ancestral taxa [13,20-22], we reconstructed the
diel activity patterns of our focal taxa by analysing the adap-
tive evolution of 33 phototransduction genes (electronic
supplementary material, table S1) involved in the rod and
cone phototransduction pathway [23,24] in the context of
sauropsid phylogeny (figure 1). Positively selected genes
were identified based on the branch-site model (electronic
supplementary material, table S2), and the positive selection
remained robust when phylogenetic uncertainties [25,37,38]
(electronic supplementary material, tables S3 and S4) and
initial value variations of kappa and w were considered.

We initially examined the adaptive evolution of the photo-
transduction genes along the common ancestor branch of
living birds. One rod-expressed gene, GRKI, showed the

most significant positive selection signal (w = 13.983, d.f. =1,
p=0.002) (electronic supplementary material, table S2 and
figure S1), and another rod-expressed gene, SLC24Al,
showed a positive selection signal with marginal significance
(w=25293, df.=1, p=0.053). GRK1 is rhodopsin kinase,
involved in the inactivation of activated rhodopsin in rods.
SLC24A1 encodes the Na*/Ca®>"-K" exchanger and helps to
extrude free calcium in the outer segment of rods to allow res-
toration of the cyclic guanosine monophosphate (cGMP)
concentration. Both genes are involved in photoresponse
recovery and aid in motion detection [39]. The finding of posi-
tive selection signals in the two rod-expressed genes suggests a
particularly enhanced capability of the CALB for motion
detection in dim-light conditions (e.g. nocturnality). Moreover,
we found one cone-expressed gene, PDE6C, to be under posi-
tive selection (w = 26.734, d.f. = 1, p = 0.014). PDE6C encodes
the hydrolytic subunits of cGMP phosphodiesterase (PDE6) in
cones and is known to play a critical role in amplifying signals
in the phototransduction cascade. The positive selection of the
cone-expressed gene suggests intensified selection for
increased visual acuity in bright-light environments (e.g.
diurnality). Our findings of the positive selections of both
the rod-expressed genes and the cone-expressed gene suggest
that the CALB may have been active at both night-time and
daytime, and that they may have evolved an enhanced
capability for motion detection at night.

The combined positive selection of the rod- and cone-
expressed genes may also be selected for mesopic vision in
crepuscular conditions, in which both rods and cones are
functionally active. To test if there are shifts in their wave-
lengths of maximal absorption (Ap.x) towards the relatively
abundant short-wavelength light in twilight, which character-
izes crepuscularly active animals [13,20], we subsequently
examined the possible spectral tuning of four cone opsin
genes, LWS, RH2, SWS2, and SWS1, in the CALB. Among
examined critical amino acid sites (electronic supplementary
material, table S5) that are associated with spectral tuning
of cone opsins [40—43], no critical amino acid replacement
was found along the branch of the CALB, suggesting that
change of the spectral tuning of the cone opsins is less
likely. This may suggest that the CALB may have been
mainly active at both night-time and daytime (e.g. cathem-
eral) rather than being mainly active crepuscularly. This is
consistent with a previous morphological study showing
that the early stem bird species, Archaeopteryx lithographica,
is somewhat intermediate in orbital characteristics between
nocturnality and diurnality [44].

We also reconstructed the diel activity pattern of an ances-
tral archosaur, one of the relatively distant CALB.
Intriguingly, we found four rod-expressed genes, CNGAI,
GNAT1, PDE6B, and SLC24A1, and two genes that are rod-
and cone-expressed, GUCY2D and RCVRN, which are
involved in phototransduction activation or photoresponse
recovery, to be under positive selection along the ancestral
archosaur branch (electronic supplementary material, table
S2). The positive selection of the mainly rod-expressed genes
suggests enhanced visual acuity and enhanced motion detec-
tion in dim-light conditions, and hence strongly supports that
the ancestral archosaur was probably nocturnal, consistent
with previous studies [13,15,17]. Furthermore, these positively
selected genes incorporate almost all of the principle com-
ponents of the phototransduction pathway (electronic
supplementary material, figure S2), suggesting that the
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Figure 1. Diel activity pattern reconstruction. The phylogenetic relationships of species used in this study follows published literature [25—36] and the Tree of Life
Web Project (http:/tolweb.org/Passeriformes). The diel activity classification of taxonomic bird orders follows one published study [16]. Red shows bird orders
involved in nocturnal and/or crepuscular activities. Except for five regularly nocturnal bird groups, which harbour mainly nocturnally active species, all other
bird groups are considered as typically diurnal, but widely show occasional nocturnality or engage in partial behaviours during crepuscular periods [16].

adaptation to nocturnality leads to a substantial modification
of the visual system of the ancestral archosaur. This finding is
remarkably similar to that in ancestral mammals [13].
Altogether, our molecular reconstruction based on the phy-
logenetic analysis by maximum likelihood (PAML) results
suggests that while the CALB may have been active both
night and day, the ancestral archosaur was more likely noctur-
nal (figure 1). When the branch site-unrestricted statistical test
for episodic diversification (BUSTED) was used to confirm
the selection signals of these positively selected genes identified
by PAML, one rod-expressed gene (SLC24A1) and one cone-
expressed gene (PDE6C) along the ancestral bird branch and
three rod-expressed genes (CNGAI1, PDE6B, and SLC24A1)
along the ancestral archosaur branch were found to be under
positive selection (electronic supplementary material, table
S6), providing further support for our reconstructed diel

activity results of our focal taxa. In light of these robust recon-
structions, our molecular results and previous studies [13,17]
consistently suggest that the diapsid lineages may have experi-
enced strong adaptation to nocturnality, in parallel with the
synapsid lineages (e.g. early mammals) [13]. The similar evol-
ution of nocturnality in both diapsid and synapsid lineages
should be considered as a derived result through their indepen-
dent and convergent evolution, given that one previous study
shows that the ancestral amniote and ancestral reptile were
predominately diurnal (figure 2) [13].

(b) Nocturnality and endothermy evolution in diapsid
and synapsid lineages

Our molecular results suggest the CALB may have experi-
enced nocturnal periods to some extent. This nocturnality is
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Figure 2. Reconstructed diel activity patterns of main groups of amniotes based on the results of this study and previous studies [13,45]. Living endothermic groups
and their possible early evolution of endothermy are shown in red based on previous studies [7,46—51].

also supported by multiple lines of morphological and be-
havioural evidence. (i) Theropod dinosaurs, representing
one of the CALB, are reconstructed as mainly scotopic/
cathemeral based on eye morphology, suggesting that the
dinosaur ancestors of birds were mainly active in dim-light
conditions [17]. The discoveries of feathers (insulation) and
endothermy or mesothermy in many theropod dinosaurs
[46,52,53] would enable them to be active at low temperature
during the night, and thus are consistent with their nocturn-
ality. (i) Though considerable controversy remains about its
taxonomy, Protoavis texensis, which was regarded as the first
bird, is characterized by owl-like large and forward-facing
orbits, indicating its nocturnality [54]. (iii) Though most
living birds are regarded as typically diurnal, they widely
exhibit potential capability for nocturnal activities (e.g.
night migration) (figure 1) [16,55], consistent with the poss-
ible nocturnal activity of the CALB. (iv) Birds have the
largest eyes of any of the terrestrial vertebrates [56], and
large eyes are normally linked to increased visual acuity
and are generally a character of nocturnal taxa [16,57,58].
(v) Birds have evolved vocal communication and much
more sensitive hearing than reptiles [3], suggesting their
greater dependence on acoustic communication, which nor-
mally characterizes nocturnal species [57,58]. Altogether,
our molecular results and the behavioural and morphological
evidence strongly support the nocturnality of the CALB, which
challenges its pure diurnality perspectives [15,17]. The
underlying causes of the nocturnality of the CALB remain
unclear, while for ancestral mammals, their nocturnality is
generally considered to be a result of the predation and/or
competition from diurnal reptiles (e.g. dinosaurs) [59-61].
Crompton et al. proposed that the evolution of
endothermy in synapsid lineages such as mammals may be
facilitated by their nocturnality [2]. Similarly, we propose
that nocturnality may have facilitated the evolution of
endothermy in diapsid lineages to some extent as well,
since ancestral archosaurs, theropod dinosaurs [17], and
ancestral birds were found to be subjected to a similar noctur-
nal adaptation (figure 1). In support of this, previous studies
demonstrate that the evolution of endothermy in diapsids
may be traced back to non-avian dinosaurs [7,46,62,63] or

even earlier to basal archosaurs [46-48]. In particular, the
existence of a four-chambered heart in both crocodiles and
birds suggests that basal archosaurs may have evolved a
four-chambered heart, which may strengthen their possible
endothermy [48]. Similarly, for synapsid lineages, their noc-
turnality has been determined to have occurred much
earlier (e.g. the Late Carboniferous almost 300 Ma) than
true mammals [45], and their endothermy has been demon-
strated to have evolved much earlier than true mammals as
well, and may be traced back to the common ancestor of
Neotherapsida, more than 260 Ma [7,49-51]. In light of this,
it therefore appears that the timing of the evolution of
endothermy in both the diapsid and synapsid lineages
coincides with the appearance of their nocturnality, support-
ing the nocturnality hypothesis as a candidate explanation for
their evolution of endothermy. In addition to endothermy,
birds and mammals share many other characteristics, and
the time for their independent evolution in the two lineages
remains largely unknown. Future palaeobiological findings
may help to determine the timing of their origins and help
to understand the possible effects of nocturnality on their
evolution.

(c) Nocturnality and the integrated evolution of bird-

mammal shared characteristics
The diapsid (e.g. birds) and synapsid (e.g. mammals)
lineages share many functionally similar characteristics,
such as enhanced hearing, vocal communication,
endothermy, insulation, shivering, respiratory turbinates,
high basal metabolism, grinding, sustained activity, four-
chambered heart, high blood pressure, and intensive parental
care [1-8]. The possible integrated and correlated evolution
of these BMSC has long been recognized [1,4,8,14]. Here,
we attempt to explain their possible integrated evolution in
the context of the adaptation to nocturnality (figure 3).

During the shift towards nocturnality of a diurnal
amniote (reptile) ancestor (figure 2), two basal pressures:
visual function constraint and low ambient temperature,
may have exerted strong selection pressure for integrated
evolution of the BMSC. The visual functional constraints
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nocturnality-associated selection pressures (visual constraints and low temperature) and the evolution of BMSC. Please see text for details. The black background
represents dim-light environments (e.g. night) and red represents the evolution of endothermy-related characteristics under low-temperature selection pressure.

BMR, basal metabolic rate.

may lead to the evolution of non-visual senses, such as
enhanced hearing and vocal communication, as a result of
compensatory selection pressure under dim-light conditions.
In support of this, nocturnal animals generally have highly
developed non-visual senses [57,58,64].
temperature selection pressure, previous studies suggest
that it may lead to the evolution of endothermy, insulation
(fur and feathers), respiratory turbinates, or even shivering.
Endothermy has long been considered as an adaptive
strategy to cold temperature [2,8,65-68] given the tempera-
ture-dependence of many life-cycle activities [14]. Insulation
(fur and feathers) and respiratory turbinates are believed to
reduce heat loss [4,7,8], and shivering may then evolve to
generate additional heat for rapid elevation of core tempera-
ture. Though its underlying thermogenesis mechanism is not
fully understood, endothermy is considered to be partly
linked to high basal metabolic rate (BMR) [1], which may
then require not only accelerated assimilation through, for
instance, grinding by mastication in mammals and in the
gizzard in birds but also sufficient food supply [8]. The
increased food requirement may subsequently exert selection

For the low-

for enhanced sustained activity for efficient food acquisition.
Both high BMR and sustained activity depend on an ade-
quate oxygen supply, which may subsequently have led to
the evolution of the four-chambered heart, high blood
pressure, and other related anatomical structures [4].

The two selections, namely the visual function constraint
and low ambient temperature associated with nocturnality,
may have favoured the evolution of intensive parental care
as well. A juvenile of small body size has apparent disadvan-
tages during cold nights due to its higher surface area to
volume ratio, and intensive parental care would necessarily
help to reduce offspring mortality [8]. With the benefits of
parental care, endothermy, hearing, and vocal communi-
cation would be further strengthened to promote the
offspring’s survival rate [4] at night. Despite this, parental
care is believed to be accompanied by high costs to provision
young, and this may exert additional selection pressure on
sustained activity to obtain extra food [4,5]. In addition to
supporting foraging, sustained activity inevitably generates
heat continuously (activity thermogenesis) [1,69] and may
work as an important source of thermogenesis to contribute
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to endothermy. Activity thermogenesis, along with thermo-
genesis from BMR and shivering, may have worked as
three principle thermogenesis sources contributing to
endothermy, thereby guaranteeing the implementation of
various life-cycle activities under low-temperature con-
ditions. Taken together, the evolution of BMSC is consistent
with the adaptation to nocturnality (figure 3), and the evol-
ution of the BMSC may be a consequence of the convergent
adaption of birds and mammals to specific selections
associated with nocturnality.

(d) Low temperature and endothermy evolution

Our results suggest that the low-temperature selection
pressure associated with nocturnality may have facilitated
the evolution of endothermy in both diapsid and synapsid
lineages. Intriguingly, although there is some controversy,
low temperature is also believed to underlie the evolution
of regional endothermy found in fishes (e.g. lamnid sharks,
billfishes, and tunas). These warm water-adapted fishes are
found to frequently dive into cool water, and the origin of
their endothermy was proposed to be linked to multiple ocea-
nic cooling events since the Eocene [65-67]. Likewise, the
endogenous thermogenesis of the endothermic leatherback
turtle (Dermochelys coriacea) is found to be low-temperature
dependent [70]. It is possible that low temperature also
plays a role in the evolution of facultative endothermy,
which was discovered in at least two reptiles during the
reproductive period, the Indian python and the tegu lizard
[71,72]. The Indian python only starts to generate heat for
incubation when the ambient temperature is below a critical
low temperature (33°C) [71], which likely suggests a possible
association between the appearance of facultative
endothermy and the occurrence of relatively low ambient
temperature. In addition, even for endothermic insects and
plants, some explanations of the appearance of their
endothermy have incorporated the effects of low ambient
temperature [73-75]. It is conceivable that all of these
endotherms would not necessarily have evolved to generate
heat themselves if their external environment constantly
were similar to their elevated body temperature.

Given the possibility of the evolution of endothermy due
to low temperatures (figure 3), parental care and sustained
activity, which are popularly regarded as the initial selection
pressures for the evolution of endothermy [1,4,5], may be
only partial consequences of selection for various life-cycle
activities under low-temperature conditions, instead of the
sole or even the initial selective target. Regarding the two
popular views, criticism can be found elsewhere [4,5,76],
while one additional issue is that no explanation is provided
to interpret why only avian and mammalian lineages were
selected for sustained activity or intensive parental care but
other living reptiles have not done likewise. In addition to
parental care and sustained activity, the body-size miniaturi-
zation, which occurs in parallel along the evolutions of both
avian and mammalian lineages, is also proposed to contrib-
ute to the arising of endothermy [68,77]. However, the
miniaturization model is criticized elsewhere [9]. In fact, the
model was originally used to interpret how endothermy
may evolve in mammals rather than explaining the causes,
and the underlying cause may be partly linked to the noc-
turnality of ancestral mammals [68]. Moreover, previous
studies indicate the evolution of endothermy predates the

occurrences of their miniaturization in both avian and mam-
lineages [68,77,78], suggesting that body-size
miniaturization may not be the initial selection driver for
their evolution of endothermy. With respect to these different
models on the evolution of endothermy, even for the biologi-
cal functions of endothermy, it would be biased to only
emphasize one of its many potential biological functions,

malian

leading to many theoretical models applicable only to specific
groups [9,11]. For instance, neither the aerobic capacity model
[1] nor the parental care model [4] explain the evolution of
regional endothermy found in fishes, which are known to
have evolved for other possible functions rather than for sus-
tained activity or parental care [65,67]. In fact, for all different
endothermic organisms found to date, endothermy is
involved in diverse functions, spanning all possible life-cycle
activities related to locomotion, sensory communication, fora-
ging, digestion, reproduction, breeding, antipredation, and
parental care [1,4,14,65,67,73]. A conceptually unifying
model accounting for all of these diverse functions of
endothermy in the context of low-temperature environments
would be more reasonable to explain the appearance of
endothermy in diverse organisms. In light of this, we propose
that endothermy may evolve as an adaptive strategy to
enable organisms to efficiently implement various life-cycle
activities (e.g. parental care and sustained activity) under
relatively low-temperature environments.

(e) Endothermy evolution and the habitat shift from
high-temperature environments to low-temperature

environments
The diel activity changes of both diapsid and synapsid
lineages indicate that they may have experienced a habitat
shift from high-temperature environments (day) to relatively
low-temperature environments (night) (figure 2), which may
have facilitated the evolution of their endothermy. Similarly,
it is suggested that the evolution of endothermy in diverse
fishes may be linked to their habitat change from warm-
water habitat to cold-water habitat [65-67]. Likewise, for
leatherback turtles, the appearance of their endothermy is
associated with their habitat change from tropical nesting
sites to cold northern foraging grounds [70]. For the faculta-
tive endothermic reptile, Indian python (Python molurus)
[71], one molecular phylogeographic study reveals a possible
origin of the genus Python in West Africa followed by disper-
sal to Europe and Asia [79], suggesting that the evolutionary
origin of the Indian python may have experienced a habitat
shift from high-temperature areas (tropical climate) to
relatively low-temperature areas (subtropical/temperate cli-
mate). The other facultative endothermic reptile, the tegu
lizard (Salvator merianae) [72], might have experienced a simi-
lar high-to-low temperature habitat shift, as it extends
geographical distribution from tropical, subtropical to rela-
tively low-temperature, temperate climates compared with
its closest relatives (Salvator duseni, Salvator rufescens) [80].

In light of these findings, a habitat shift from high-
temperature to relatively low-temperature environments
seems to be a common factor that underlies the evolution of
endothermy in these endothermic vertebrates. This specific
habitat shift may be an important means to stimulate the
evolution of endothermy in vertebrates. Endothermy would
be selectively favoured in low-temperature environments
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for the optimum activity of enzymes and other molecules that
had been adapted to previous relatively high-temperature
conditions. If this is true, we may expect that endothermy
would be more likely to be found in taxa with their
biogeographical histories involving a habitat shift from
high-temperature environments to relatively low-temperature
environments. This pattern remains to be tested in relevant
endothermic vertebrates, insects, and plants [73,75].
Endothermy may not be the sole strategy to adapt to low-
temperature environments. Apparently, some ectothermic
animals, for instance, geckos and cold-water fish, are capable
of being active in cold-temperature environments, suggesting
the existence of alternative physiological or behavioural strat-
egies to respond to cold temperatures. In addition to low
temperature, many other possible factors such as biogeo-
graphic history, food availability, body size, and selection
intensity may also affect the evolution of endothermy.
Future study through a comparative and integrated analysis
of possible factors between endotherms and their phylogen-
etically closest ectotherms should help to explain why
endothermy is only restricted to some specific groups.

3. Conclusion

This study provides strong evidence for the nocturnality of
the diapsid lineages, paralleling that of the synapsid lineages.
Given their nocturnality, an integrated perspective on the
evolution of BMSC as a convergent adaptation to nocturnal-
ity is proposed. Moreover, after summarizing our findings
and relevant empirical studies on the evolution of
endothermy, low temperature is suggested as a possible
common factor underlying endothermy evolution in ver-
tebrates. Given the significance of low temperature in
endothermy evolution, a conceptually unifying ecological
model of endothermy evolution with an emphasis on low
temperature is proposed. We reason that endothermy may
evolve as an adaptive strategy to enable organisms to effec-
tively implement life-cycle
relatively low-temperature environments, which happens

various activities under
during a habitat shift from a high-temperature environment

to a relatively low-temperature environment.

4. Material and methods

(a) Taxa covered

The retinal transcriptome sequencing data of 17 bird species of
which 15 were published previously by our laboratory [20] and
two newly generated in this study, along with all of the available
genome data of birds and reptiles in GenBank were used in this
study (electronic supplementary material, table S1). In total, 95
species were used, of which 80 bird species from 34 orders, repre-
senting the majority of living bird orders (34/39) [81], were
covered. During our initial sequence analyses, we found several
of our focal phototransduction genes missing from palaeognath
genome data, and thus two species, the ostrich (Struthio camelus)
and the emu (Dromaius novaehollandiae), were selected to be
subjected to retinal transcriptome sequencing.

(b) Sampling, RNA isolation, and (DNA library
construction

One ostrich (three months old) and one emu (six months old)
were obtained with permission from an artificial breeding

company (Quanxin, Daging). Active individuals were trans-
ported to the laboratory on 2 December 2017 and maintained
under natural light:dark conditions with food and water pro-
vided. The ostrich and emu were sacrificed after 24 h and their
retinal tissues were dissected during the daytime (15.00 to
16.00) and were preserved in RNA-locker (Sangon Biotech,
Shanghai), flash frozen in liquid nitrogen, and then stored at
—80 °C until processed for RNA isolation one week later. The
experimental procedures were performed in accordance with
an animal ethics approval granted by Northeast Normal Univer-
sity. All experimental procedures carried out in this study were
approved by the National Animal Research Authority of
Northeast Normal University, China (approval number:
NENU-20080416) and the Forestry Bureau of Jilin Province of
China (approval number: [2006]178).

Total RNA isolation was performed using TRIzol Reagent
(Invitrogen Life Technologies), following the manufacturer’s pro-
tocol and instructions. RNA degradation and contamination was
monitored on 1% agarose gels. RNA purity was checked using
the NanoPhotometer®™ spectrophotometer (IMPLEN, CA, USA).
RNA concentration was measured using the Qubit® RNA
Assay Kit in a Qubit®2.0 Flurometer (Life Technologies, CA,
USA). RNA integrity was assessed using the RNA Nano 6000
Assay Kit of the Agilent Bioanalyzer 2100 system (Agilent Tech-
nologies, CA, USA). For ¢cDNA library construction, a total
amount of 3 pg RNA per sample was used as input material
for the RNA sample preparations. The cDNA library was gener-
ated using NEBNext®Ultra™ RNA Library Prep Kit for
Mlumina® (NEB, USA) according to the manufacturer’s protocol.
Specifically, mRNA was purified from total RNA using poly-T
oligo-attached magnetic beads. The enriched mRNA was frag-
mented into small pieces and was then used for the syntheses
of the first and the second strands of cDNA. The cDNA was
purified with the AMPure XP system (Beckman Coulter, Beverly,
MA, USA), and then 3 ul USER Enzyme (NEB, USA) was used
with size-selected, adaptor-ligated cDNA at 37°C for 15 min
followed by 5min at 95°C before PCR. Then, PCR was per-
formed, PCR products were purified (AMPure XP system) and
library quality was assessed on the Agilent Bioanalyzer 2100
system. Paired-ending sequencing of the cDNA library was
performed using Illumina HiSeq X Ten (Biomarker Technology
Co., Beijing).

(c) Data filtering and de novo assembly

In total, 10.48 G bases and 12.05 G bases were generated for the
ostrich and emu, respectively. Raw data were filtered by
removing reads containing adapter, reads containing ploy-N
and low-quality reads, and clean reads with high quality
were obtained and used for de novo assembly. De novo assem-
bly was performed using Trinity [82] with default parameters
except that min_kmer_cov =2 was used, ensuring that only
k-mers with at least 2x coverage were used. The longest tran-
script was used to yield unigenes, and the unigenes longer
than 200 bp were retained for further analyses. The transcrip-
tome sequencing data of the two species have been deposited
into the National Center for Biotechnology Information
Sequence Read Archive database under accession number

(SRP134220).

(d) Sequence abstraction and alignment

The 33 phototransduction genes involved in both the rod photo-
transduction pathway and the cone phototransduction pathway
were used in this study [23]. To extract the coding sequences
from the ostrich and the emu unigene pools, the coding
sequences of Gallus gallus downloaded from GenBank were
used as query sequences to blast against the unigene pools of
the two species by using Blastn. The unigene sequences obtained

98178107 98T § 0§ 'Y 2044  qdsi/jeuinol/biobuiysigndAiaposiefo H



were then annotated by blasting against the National Center for
Biotechnology Information (NCBI) nr/nt database using the
online Blastn, and only the unigene sequences with the same
gene annotation as that of the query sequences were used for
subsequent analyses. In addition to these two species, the
coding sequences of the 33 genes from our previously published
15 bird species were also included [20]. Additionally, we down-
loaded the longest transcript sequences of our target genes from
all other birds and reptiles with genome data available in Gen-
Bank. Gene sequences were aligned using webPRANK (http://
www.ebi.ac.uk/goldman-srv/webprank/), and individual
sequences with low identities, long indels, multiple ambiguous
bases Ns, and/or too short a length were removed or replaced
by other relevant transcript variants. After this pruning, high-
quality alignments were constructed, and their translated protein
sequences were blasted against the non-redundant protein
sequence database to confirm the correctness of sequence cutting.

(e) Positive selection analyses

We used the branch model and branch-site model implemented
in the Codeml program of PAML [83] for positive selection ana-
lyses. Upon analysis, we initially constructed an unrooted
species tree following published studies [25-36] and the Tree
of Life Web Project (http://tolweb.org/Passeriformes). The
phylogenetic relationships among bird orders followed one
genome-level study [25]. We used a codon-based maximum-
likelihood method to estimate the ratio of non-synonymous to
synonymous substitutions per site (AN/dS or w), and employed
likelihood ratio tests (LRT) to determine statistical significance.
A statistically significant value of w>1 suggests positive
selection.

(i) Branch model

We used a two-rate branch model to detect possible positive
selection signals along the ancestral bird branch and the ancestral
archosaur branch. For analyses, the two branches were respect-
ively labelled foreground branches and others were treated as
background branches. In the two-rate branch model, o is
assumed to be different between foreground branches and back-
ground branches, and its goodness of fit was analysed using the
LRT, in which the two-rate branch model was compared with the
one-rate branch model that assumes a single w value across the
tree. If a statistically significant value of w > 1 in a foreground
branch was detected, the two-ratio branch model was then com-
pared with the two-ratio branch model with a constraint of w =1
to further determine whether the w > 1 of the foreground branch
was statistically significant.

(ii) Branch-site model

We used a branch-site model (Test 2) to detect positively selected
sites for our focal branches (foreground branches). In this model,
four classes of sites are assumed. Site class 0 (0 < wg < 1) and site
class 1 (w = 1) represent evolutionarily conserved and neutral
codons, respectively, for both background branches and fore-
ground branches. Site classes 2a and 2b represent
evolutionarily conserved (0 < wp<1) and neutral (w;=1)
codons, respectively, for background branches but are allowed
to be under positive selection (w, >1) for the foreground
branches. Test 2 compares a modified model A with its corre-
sponding null model with w=1 constrained to determine the
statistical significance. The empirical Bayes method was used
to detect positively selected sites.

(f) Robustness test of positive selection genes

The positively selected genes detected were further subjected to a
robustness test. First, to detect the dependency of our positive

selection results on the initial value variations of kappa and
omega, we used two different initial values of kappa (kappa =
0.5,3.0) and of omega (w = 0.5, 2.0) for our positive selection ana-
lyses. In total, four independent runs were conducted for each of
the positively selected genes found. Moreover, we examined the
effects of phylogenetic uncertainties on our positive selection
results. So far, considerable phylogenetic inconsistencies among
different bird orders have been found. To examine the
phylogenetic uncertainty effects, we used three different phylo-
genetic relationships of bird orders [25,37,38] for our positive
selection analyses. For convenience, the three different phyloge-
nies were referred to as Hackett's tree, Jarvis’s tree, and Prum’s
tree in our study.

To ensure the robustness of our results, we also employed
BUSTED, implemented in the HyPhy software (v.2.2.4) [84,85],
to confirm the positive selection signals of those positively
selected genes identified by PAML. Unlike PAML, in which
only positive selection in foreground branches is allowed,
BUSTED allows the occurrence of positive selection in both fore-
ground and background branches (unconstrained branch-site
model). The unconstrained model fit is compared with the
branch-site model that disallows @ >1 among foreground
branches (null model), and then LRT was used to determine
statistical significance.

(g) Spectral tuning analyses

We analysed possible spectral tuning (i.e. the shifts of wave-
lengths of maximal absorption) of four cone-expressed opsins,
LWS, RH2, SWS2, and SWSI1, along the ancestral bird branch
and the ancestral archosaur branch. For this, we reconstructed
ancestral amino acid sequences using amino acid-based mar-
ginal reconstruction implemented by the empirical Bayes
approach in PAML 4.8a to determine the amino acid replace-
ments along the branches, considering that the spectral tuning
of these cone opsins is controlled by specific critical amino
acid replacements [40-43]. To test for result consistency, two
different amino acid substitution models, JTT and Poisson,
were used. The two models have different assumptions about
amino acid substitution rates. The model JTT assumes different
substitution rates of different amino acids, while the Poisson
model assumes the same substitution rate of all amino acids.
With the reconstruction of ancestral sequences for internal
nodes, the critical amino acid replacements that are associated
with the spectral tuning of cone opsins along branches can be
inferred. To determine the numbering of the critical amino
acid replacements in our sequences, we employed webPRANK
to align our sequences against the bovine rhodopsin sequence
(NP_001014890). The effects of the critical amino acid replace-
ments on the shifts of the wavelengths of maximal absorption
(AX) of the four cone opsins were analysed following published
studies [40-43].
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