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Evolutionary developmental perspectives on the variability of vertebrate limb
muscle connections
Tatsuya Hirasawa (RIKEN, Kobe, Japan)

In the vertebrate body, skeletal muscles are connected to specific sites of connective tissues, such as
bones, and those connections are generally unchanged after the initial development. Thus,
evolutionary changes of the muscle connections, which can be observed also in fossil bones under
favorable conditions, correspond to changes in morphogenetic process, rather than those in growth.
Considering this advantage that consequences of morphogenesis are preserved as fossils, I have
been studying developmental processes involved in major evolutionary changes of the muscle
connections, including the diaphragm of mammals and the pectoralis muscle of turtles. The
diaphragm is a skeletal muscle whose evolutionary origin had been totally unknown until recently,
since conventional comparative morphology cannot identify any structure comparable to the
diaphragm in non-mammalian vertebrates. Upon this classic question, a recent accumulation of
knowledge about migratory muscle precursor (MMP) cells made a breakthrough. The diaphragm
and forelimb muscles develops from adjacent masses of MMP cells, which are derived from
consecutive somites. On the other hand, according to the fossil record, in the pre-mammalian
(pelycosaur-grade) condition, the forelimb was placed cranially in a position similar to the
distribution of the MMP cells of the diaphragm in the modern mammals. Indeed, the phrenic nerve
innervating the diaphragm can be considered a part of the brachial plexus expanding cranially in the
mammalian lineage. A detailed comparison of the nerve topography suggests that this nerve was
acquired through a duplication of the subscapular nerve. Therefore, the diaphragm was likely
acquired through a duplication of the subscapular muscle, which was connected to the medial side
of the scapula and to the humerus. Apart from the diaphragm, the limb muscle connections have
been stable during the tetrapod evolution, but in the turtle lineage, the pectoralis muscle became
connected to the plastron instead of the sternum. The developmental change occurred in such an
evolutionary reconnection will be discussed, with focusing on the variability of limb muscle

connections.
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Transition of visceral arches from cyclostomes to gnathostomes: an intermediate
stage revealed by developmental and fossil evidence
Zhi-Kun Gai (Chinese Academy of Sciences, China)

The origin of vertebrate jaw has been a century-long-standing enigma, largely due to the debates of
the homology between the visceral arches of the extant cyclostomes (hagfishes and lampreys) and
gnathostomes (jawed vertebrates). The gill filaments are medial to the skeletal gill arches (probably
endodermal origin) in cyclostomes, but lateral to the skeletal gill arches in gnathostomes. The
topologically non-corresponding locations have led to the proposal that the gill arches were not
homologous in agnathans and gnathostomes and arised anew in the latter. The 435-370-million-
year-old ‘ostracoderm’ galeaspids from China have provided the crucial fossil evidence for the
stepwise anatomical changes of the rostral pharynx and nasohypophyseal complex along the
gnathostome stems. Using Synchrotron Radiation X-ray Tomography we further show that the gill
arches of galeaspids are incorporated into the neurocranium to form a massive endoskeletal skull.
The gill arches extend transversely from the neurocranium to lateral margin of head, unlike the
dorsalventral arches in living cyclostomes and gnathostomes. New galeaspid specimens with gill
filaments preserved show that they are enclosed in cylinder-shaped cartilaginous pouches. This
pattern perfectly fits the intermediate stage of branchiomere development in gnathostomes in which
neural crest cells have a specific median relocation to form a cylindrical wall surrounding a
mesodermal core. A hollowed cylinder-shaped branchial cartilage enclosing gills and their
associated musculature and vessels are widely seen in Silurian-Devonian armored ‘ostracoderms’
(e.g. osteostracans, heterostracans). The innovation of the cylinder stage in jawless ‘ostracoderms’

probably provides the anatomical basis for the medial location of branchial arches in gnathostomes.
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Flight feather-specific morphogenesis in the avian embryo
Koji Tamura (Tohoku University, Japan)

Flight feathers is the most evolutionally advanced type of feather unique to extant/extinct birds and
some non-avian dinosaurs. In general, feather types in birds are generated at the first and following
molting, and the first molting begins after hatching in chicken. However, it has been stated in some
literatures that in chicken, the first molting from the natal down feathers to the flight feathers is
much earlier than that for other feather types. Furthermore, we have found that in the chick embryo,
a gene (Siml) is expressed specifically in flight feather-forming region that is located at the
posterior margin of the dorsal portion in the forelimb bud. These suggest that flight feather
formation starts as an embryonic event. In this study, we identified some embryological events
specific to flight feathers. Histological observations revealed that the second generation of feather
with a flight feather-type arrangement has already started developing by chick embryonic day 18,
deep in the skin of the flight feather-forming region. Analysis of shh gene expression revealed that
the second generation of feather development in the flight feather-forming region seems to start by
day 14. The first stage at which we detected a specific morphology of the feather bud in the flight
feather-forming region was day 11, when internal invagination of the feather bud starts. Sim1
expression in the flight featherforming region (at day 7 to 14) may contribute to the flight feather-
specific morphogenesis. Also, co-option of molecular cues for axial morphogenesis in limb skeletal
development may be able to contribute to flight feather-specific morphogenesis of traits. Our results
suggest that the morphogenesis for the flight feather has been drastically modified from the
beginning of feather morphogenesis. This is a good example of how early modification of the
embryonic morphogenetic process have played a crucial role in the morphological evolution of key

innovation.
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Morphological novelty in the vertebrate limb created by the water-to-land
transition
Mikiko Tanaka (Tokyo Institute of Technology, Japan)

Amphibians separate their fingers by differential growth between digital and interdigital regions.
However, amniotes need interdigital cell death, an additional developmental step that allows a
greater variation of autopod shapes. Here we investigate factors that could be involved with
interdigital cell death appearance during the evolution of tetrapods. We found that, in Xenopus
laevis frogs, cell death was restricted to the apical ectodermal ridge and limb margin. On the other
hand, coqui frogs (Eleutherodactylus coqui), an amphibian with direct-developing eggs, had cell
death in the interdigital region as well. In all observed tetrapods, cell death distribution was
correlated with the pattern of reactive oxygen species production and vasculature. Increasing blood
vessel density in X. laevis limbs was enough to induce cell death specifically in the interdigital
region. Notably, the same effect was observed incubating X. laevis tadpoles under high oxygen
levels. Therefore, we propose that increased oxygen levels, available for terrestrial eggs, were
crucial for the appearance of interdigital cell death during tetrapod evolution. This hypothesis
illustrates how an ecological change could have created an evolutionary novelty which later became

essential to shape amniote limbs.
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Developmental bases for the acquisition of the turtle shell
Shigeru Kuratani (RIKEN, Japan)

The dorsal part of the turtle shell, or the carapace, is made of modified ribs and the vertebral
column. The carapace represents an example of evolutionary novelties because the topographical
relationships between the ribs and scapula is reversed as compared to that in other amniotes.
Folding theory assumes that the turtle-specific body plan was achieved through a sequential series
of developmental changes that proceeded in a stepwise manner, among which shortening of the ribs
played a significant role for the translocation of the shoulder girdle. The rib-shortening process is
called the axial arrest; the turtle rib anlagen never grow into the lateral body wall, confined in the
axial part of the embryo. Comparison with fossil amniotes, as well as molecular lock analyses have
suggested that the axial arrest would have taken place once in a common ancestor of turtles and
sauropterygians about 251 mya. In the turtle embryo, the ribs can grow over the shoulder girdle
through peripheral growth of the carapacial anlage along the ridge called the carapacial ridge (CR).
The CR is characterized by turtle-specific expression of genes known to be involved in the
canonical Wnt signaling pathway, and functions in the marginal growth of the carapacial
primordium, resulting in the fan-shaped pattern of the ribs. A fossil animal, Odontochelys, assumed
to have been in an ancestral lineage of the modern turtle, exhibited a morphology resembling the

embryo of modern turtles before the folding, consistent with the folding theory.
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Evolutionary development and homoplasy in the tympanic ring of the middle
ear among mammaliaforms
Zhe-Xi Luo (The University of Chicago, USA)

In evolution of modern mammals from nonmammalian precursors, the middle ear has transformed
from the mandibular middle ear of cynodonts that is attached to mandible (MMEC), to the definite
mammalian middle ear (DMME) of modern mammals that is separated from the mandible. The
ectotympanic bone for the tympanic membrane is a major structure with crucial hearing function of
mammalian middle ear. It has also transformed, along with the rest of the middle ear, becoming a
ring-like, and highly distinctive structure in extant mammals. Recent discoveries have revealed a
wide range of shape difference both in the ectotympanic, and in the corresponding angular region of
the mandible that accommodates the ectotympanic, in new fossils of stem mammaliaforms
phylogenetically intermediate between crown mammals and their precursors, and major difference
of the Mesozoic clades of crown mammals from extant monotremes, and therians (including
marsupials and placentals). The ectotympanic of stem mammaliaforms is a short and rod-like
structure, either straight (as in haramiyidans), or slightly curved (as in Sinoconodon, Morganucodon
and docodonts). But it is not a ring-like structure as previously reconstructed. Among the Mesozoic
clades of crown mammals, the ectotympanic only has a curvature of 70 degrees in eutriconodonts
and spalacotheriids, and of about 80 degrees in multituberculates. Their ectotympanic is less curved
than the homologues of 100- to 120-degree curvature in monotremes, and the fully ring-like (>120
degree curvature) structure in therian mammals. Moreover, eutriconodonts and spalacotheriids
retained the anterior limb of the ectotympanic parallel to the ossified Meckel’s cartilage; both are
primitive characters of stem mammaliaforms that are lost in monotremes and therians. These
patterns suggest that the ring-like shape with reduction of anterior limb of ectotympanic developed
convergently in monotremes and therians, as mapped on mammaliaform phylogeny. The ring-shape
is neither the ancestral condition of mammaliaforms as previously proposed, nor the typical
(diagnostic) feature of common ancestor of crown mammals. The findings from fossils can now be
integrated with mechanistic hypotheses from developmental morphogenesis. It has now been
demonstrated that multiple genes and signaling pathways are involved in resorption of Meckel’s
cartilage, and in developmental separation of the middle ear from the mandible in marsupials and
placentals. This has led to a paleoevo-devo hypothesis about labile mechanism underlining the
homoplastic evolution of definitive mammalian middle ears. Similarly, a growing list of genes and
signaling pathways have been deciphered for their influence on morphogenesis of the ringlike
ectotympanic bone, in the Mus model. The convergent gains of ring-like shape of the ectotympanic
in monotremes and therians, as seen in Mesozoic mammal phylogeny, can be now hypothesized as
changes of evolutionary development, complemented by the enhanced auditory function for hearing
by the ring-like ectotympanic bone. Thus the homoplastic evolution of the ectotympanic ring as
mapped on in fossil mammaliaform phylogeny, can be interpreted in light of evolutionary
development.
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Mapping evolution of skeletogenesis on mammalian phylogeny:
Constraints and variation

Daisuke Koyabu (University of Tokyo, Japan)

The multiple skeletal components of the body originate asynchronously, and their developmental
schedule varies across mammals. It has been assumed that simple alterations in the onset, duration,
and tempo of development are regarded as causes of profound morphological changes. Gathering
more than thousand fetal and neonatal specimens from museum collections and field sampling, we
described the sequence of skeletogenesis of more than 100 mammalian species. Mapping this
comprehensive dataset to the reported molecular phylogeny enabled us to reconstruct the
ossification sequence for the common ancestor of Mammalia and to identify evolutionary shifts of
ossification sequence at all nodes. Our modularity analysis highlights that cranial bones form two
separate modules, one consisting explicitly of dermal bones and the other of endochondral bones. It
is possible that, when changes in skeletogenesis occurs during evolution, developmental timing of
bones of identical developmental modes are likely to covary and that bones of different
developmental modes tend to be more independent from each other. However, mesoderm vs. neural
crest dichotomy was found to have constraint on skeletogenesis heterochrony. This suggests that not
the developmental origins (mesoderm or neural crest origins) but the mode of ossification (dermal
or endochondral) imposes considerable evolutionary constraints on cranial heterochrony among
mammals. Lastly, we point out that while the timing of cranial skeletogenesis is rather conserved,

that of postcranial skeletogenesis is highly variable among mammals.
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Ontogenetic tooth reduction in dinosaurs and macroevolution of avian beaks

Shuo Wang (Capital Normal University, China)

Beaks are innovative structures characterizing several theropod lineages including modern birds,
but little is known about how developmental processes influenced the macroevolution of these
important structures. We have scanned the jaw bones of theropod dinosaurs including Limusaurus
and Caenagnathasia, as well as the basal birds Sapeornis and Confucisornis. In addition to these
new morphological data, a survey of edentulous lineages combining neontological and
paleontological evidence shows a repeated pattern of postnatal reduction of the dentition throughout
the vertebrate tree. We show that vestigial alveoli are present in several beaked lineages of theropod
dinosaurs. In caenagnathid oviraptorosaurs, the occlusal grooves present on the lateral margins of
the dentary are interpreted as vestigial alveoli. These structures communicate via foramina with an
additional mandibular canal superior to the neurovascular canal in some small specimens, a pattern
similar to that observed in Limusaurus. This additional canal is also present in the Early Cretaceous
bird Sapeornis, and the morphology of anterior alveolar vestiges in this taxon is comparable to that
of caenagnathids. Based on new morphological data and study of macroevolutionary patterns of
tooth reduction in extant vertebrates, we propose that ontogenetic truncation of tooth development
is a mechanism contributing to tooth reduction in various theropod lineages that eventually reach
edentulism, and the vestigial dentition related structures including the additional canal are partially
modified into structures accommodating blood vessels that nourish the rhamphotheca, probably
representing a functional compensation for the insufficient blood supply in toothed jaw bones.
These lines of evidence suggest dental reduction in theropods appears to have passed through at
least four common steps: (I) normal tooth development and tooth replacement with an apomorphic
keratinized rhamphotheca covering only the rostral-most portion of the jaws; (II) tooth replacement
is impeded by external closure and/or constriction of alveoli, perhaps in association with adjacent
growth of the rhamphotheca—regional tooth reduction occurs; (III) as the keratinized rhamphotheca
enlarges, the remaining teeth are either functionally reduced or redundant; and (IV) alveolar
remodeling is complete or nearly complete, the edentulous beak is completely covered by the
rhamphotheca.
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Does facial anatomy follow the topographical relationships of facial primordia?
Hiroki Higashiyama (The University of Tokyo, Japan)

The vertebrate face is derived from the several embryonic facial primordia. In the upper jaw, the
premaxilla (distalmost bone)-maxilla suture reflects the boundary of the two primordia (i.e., the
medial nasal prominence; MNP and maxillary process; MXP) at least in the chicken, and it has been
thought to be conserved among all amniotes. The anatomical boundary of the soft tissues (e.g.
trigeminal nerve) also follow this suture in many amniotes, however, the soft tissue boundary is
clearly shifted in the mammals. There are two hypotheses for explain this contradiction; a) soft
tissues do not follow the primordial pattern, b) soft tissues follow the primordial pattern, and thus
the MNP-MXP boundary is shifted in mammals. To reconcile this, we firstly compared the
craniofacial morphogenesis of the mouse (Mus musculus), chicken (Gallus gallus) and frog (Rana
japonica), by histological sections and three-dimensional reconstruction. As the result, we found the
“premaxilla” in mouse derives from the different position in comparison with chicken and frog. We
also conducted the lineage trace of the MXP mesenchyme by using the DIx1-CreER™? /
R26RM*ZLacZ mice. In this experiment, the LacZ signals were clearly found in the pharyngeal
arches in 10.5 dpc, and the labeled cells were found in the lateral part of the “premaxilla” in 14.5
dpc. These results suggest the MXP mesenchyme contributes the murine “premaxilla”, unlike in the
chicken. We are also trying the comparative analysis of the cleft lip/palate mouse and chicken (i.e.
the primordial fusion is inhibited). As far as the previous studies and our preliminary data, the cleft
should follow the premaxilla-maxilla suture in chicken, but it divides the “premaxilla” into medial
and lateral in the mice. These cleft patterns may follow the supplying pattern of the trigeminal
nerve. Considering the present data and previous studies, we conclude the hypothesis b) is likely to
be correct; the innervation patterns follow the embryonic primordial composition even in the late
stage of development, and the primordial boundary is drastically shifted in the mammalian lineage.
The “premaxilla” of mammal is the composition of two skeletal elements from the MNP and MXP.
We hypothesized the MXP-derived part of the “premaxilla” is homologous with the “septomaxilla”
in other amniotes. Now we plan on comparative analyses the animals which have obvious
septomaxilla as the future works.
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Theory for direction and constraint in phenotypic evolution
Kunihiko Kaneko (University of Tokyo, Japan)

Characterization of phenotypic plasticity against environmental change and genetic changes is one
of the most important issues in evolutionary biology. Based on statistical physics and dynamical-
systems theory, we present a macroscopic theory of fluctuation and responses in phenotypes. First,
recalling that fitted phenotypes that are generated as a result of developmental dynamics should be
robust to perturbations, we show a link between robustness to noise and to mutation. This leads to
proportionality between phenotypic plasticity by genetic change and by environmental noise.
Second, this proportionality is extended to that across a variety of phenotypic traits: If one trait is
more feasible to change by environmental perturbations, it is also more evolvable. This relationship
is derived from the hypothesis that the paths of phenotypic changes are highly constrained as a
result of developmental robustness. We present theoretical formulation, as well as some support

from bacterial experiments and evolution simulations.
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Constrained variation in organ arrangements of basal eudicot flowers

Miho Kitazawa (Osaka University, Japan)

Stabilization and variation of floral structures, such as component numbers and arrangements, are
indispensable for plant reproduction and evolution. The arrangements of floral organs are largely
classified into two types, spiral and whorled arrangements. The whorled arrangement consists of
multiple concentric circles (whorls) composed of several organs each. Since the organ number
within a whorl is usually specific to the clade, the whorled arrangement can be regarded as a more
stable structure than spiral ones. Although several studies have suggested that the spiral and
whorled arrangements can be generated through the same developmental mechanism, the
mechanism regulating the floral structure is largely unknown. To investigate the developmental
mechanism regulating structural robustness of the flowers, we focused on the family
Ranunculaceae, which is placed at a basal branch of eudicots. They show considerable variation in
floral structures, including spiral and whorled arrangements. We examined positional arrangement
of excessively produced perianth organs (tepals) of six- and seven-tepaled flowers in six Anemone
species (Ranunculaceae). In addition, we performed numerical simulations of a spiral phyllotaxis
model with stochasticity on initiating excessive primordia. We found that the tepal arrangements
that occurred in nature varied intraspecifically between spiral and whorled arrangements. Among
the studied species, variation was commonly limited to three types, despite five geometrically
possible arrangements in six-tepaled flowers and two types among six possibilities in seven-tepaled
flowers. The spiral phyllotaxis model accounted for these limited variations in arrangement in cases
when the divergence angle between preexisting primordia was less than 144 degrees. Our results
indicate that the spiral nature underlies the stabilization process with increasing component (organ)

number, yielding a canalization of organ arrangements (phyllotaxis) as development proceeds.
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“Cost of complexity” hypothesis supported in animal embryonic evolution?
Naoki Irie (University of Tokyo, Japan)

Despite morphological diversification of chordates over 550 million years of evolution, their shared
basic anatomical pattern (or ‘bodyplan’) remains conserved by unknown mechanisms. The
developmental hourglass model explains this by the conservation of organogenesis phase (=
phylotypic period), however, no consensus has been made to why this phase is conserved. Here we
collected early-to-late embryonic gene expression profiles from 8 chordate species, and analyzed
their features. We found that vertebrates’ conserved mid-embryonic developmental programmes are
intensively recruited to other developmental processes, and the degree of the recruitment positively
correlates with their evolutionary conservation and essentiality for normal development. Based on
the results, we propose that the intensively recruited genetic system during vertebrates’
organogenesis period imposed constraints on its diversification through pleiotropic constraints,
which ultimately led to the common anatomical pattern observed in vertebrates. Our findings not
only imply that pleiotropic constraint also acts at regulatory level, but also highlights the “cost of

complexity” hypothesis.
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Whole genome resequencing reveals population structure and genetic
mechanism of body size variation in Chinese pigs

Yang Yang (Chinese Academy of Sciences, China)

Domestication of pigs has resulted in rich phenotype variations such as body size among breeds in
China. It is unknown the population history of Chinese domestic pigs. Moreover, how body size
evolved and genetic variations were involved in the selection of body size is not clear. Herein we
re-sequenced (n=198) and collected large-scale genome resequencing data of 427 pigs (including
Chinese domestic pigs, Asian wild boars, European domestic pigs, and sus ) to perform population
structure, phylogenetic, gene flow and artificial selection analysis. We also downloaded ENCODE
data to annotate pig genome. Transcriptome analysis was performed with RNA-seq to investigate
the differences between expression profiles of miniature pigs and large pig breeds. Utilizing
Sequenom MassArray, we also collected 768 samples (covering 35 breeds) to perform the allele
frequency imbalance analysis and the linear regression analysis on candidate genes related to body
size. Population structure and phylogenetic analysis showed that Chinese domestic pigs cluster in
three subclades. Selective signatures in subclade were detected in genes controlling body size while
comparing breeds between as well as within subclades. In Tibetan pigs, positive selection was
detected in genes related to high altitude adaptation and body size. Furthermore, selection signals
associated with body size were annotated as regulatory variants. Transcriptomic analysis confirmed
the selected genes are differentially expressed between miniature pigs and large pigs. Regression
analysis revealed mutant alleles associated with the body size of pigs. Our study revealed a 3-
subclade model of Chinese domestic pigs population structure and emphasized an unusual role of

expression regulatory variants in the evolution of pigs body size. tinental dispersal of inland plants.
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Dissecting the common evolutionary route to carnivorous plants
Kenji Fukushima (University of Colorado, USA)

Although evolutionary processes are largely stochastic, natural selection can drive recurrent
adaptations leading to convergence, the repeated emergence of similar features in distantly related
organisms. Prevalence of phenotypic convergence is underpinned by various examples throughout
the entire tree of life, such as camera eyes of vertebrates and cephalopods, wings of birds and bats,
and trap leaves of distantly related carnivorous plants. Because the multiple emergence of such
complex traits by neutral evolution alone is extremely unlikely, convergence has been considered
strong evidence for natural selection. Carnivorous plants are a prominent example of convergence
in 200 million years of flowering plant evolution. They exploit animals as a nutritional source and
have inspired long-standing questions about the origin and evolution of carnivory-related traits
since Charles Darwin’s pioneering work. Although there are distinct types of trapping strategies,
their trap leaves look critically similar in both form and function among distantly related lineages
with more than 100 million years of divergence time. During the evolution to become carnivorous,
each lineage has acquired a common set of novel traits such as nectar and scent for prey attraction,
specialized leaf morphology for prey trapping, digestive enzymes for prey degradation, and
transporters for nutrient absorption. In this talk, I will present the evidence of adaptive convergence
in carnivorous plants at the molecular level, especially focusing on digestive enzymes. Analysis of
digestive fluid proteins from four carnivorous plants covering three independent lineages revealed
repeated co-options of stress-responsive proteins coupled with convergent amino acid substitutions
to acquire digestive physiology. Further analysis of RNase T2 suggested two-step molecular
adaptations, during the evolution of carnivory and subsequently during the establishment of the
specific trapping strategy of pitfall traps. These results imply strong constraints on the available

routes to evolve plant carnivory.
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An unbiased, genome-wide screen uncovers new links between convergent
molecular and convergent phenotypic evolution
Michael Hiller (Max Planck Institute, Germany)

Convergent molecular evolution can be a hallmark of adaptations that are shared between
independent lineages. Previous research found compelling examples where species that share a
similar phenotype show convergent amino acid substitutions. We present a computational approach
to screen for convergent protein changes genome-wide. Our approach uses ancestral sequence
reconstruction to detect convergent changes between any pair of lineages. Thus, our method is not
restricted to candidate lineages having known convergent phenotypes. We used this approach to
conduct a genome-wide screen involving 14,406 genes in 30 placental mammals. We present results
from this screen, where we found individual genes and several members of molecular pathways that

predict novel associations between convergent molecular and phenotypic changes.
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Adaptive convergent evolution of two specialized bamboo feeders:
giant and red pandas
Yibo Hu (Chinese Academy of Sciences, China)

The giant panda and red panda belong to Carnivora, but their diets have shifted to over 90%
bamboo, a food with low nutrient and high fiber. They both have evolved pseudo-thumbs to
facilitate grasping bamboo. So, these two pandas represent a classical example of adaptive
convergent evolution; however, the genetic mechanisms underlying the morphological and
physiological convergences remain unclear. In our study, through de novo sequencing the red panda
genome and improving the giant panda genome assembly with new added data, we identified the
genomic signatures of convergent evolution. Limb development genes DYNC2H1 and PCNT have
undergone adaptive convergence and may be important candidate genes for pseudo-thumb
development. As evolutionary responses to a bamboo diet, adaptive convergence has also occurred
in genes involved in the digestion and utilization of bamboo nutrients such as essential amino acids,
fatty acids, and vitamins. Particularly, the umami taste receptor gene TAS1R1 has been
pseudogenized in both pandas. These findings offer insights into genetic convergent mechanisms

underlying phenotypic convergence and adaptation to a specialized bamboo diet.
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Comparative transcriptomics of three tit species-pairs reveals convergence on
high-altitude adaptation
Yan Hao (Chinese Academy of Sciences, China)

Convergence on protein sequences and transcriptional shifts in the species adapted to high altitude
is interesting but poorly understood. Previously, either organ-specific or species-specific expression
clustering pattern has been observed in species, but how expression pattern changes of different
species with different organs under same high altitude environmental pressures is also largely
unknown yet. Here we have sequenced the transcriptomes from five organs acorss three sister tit
species-pairs (high-altitude from the Qinghai-Tibet Plateau vs low-altitude from eastern China) to
explore convergent adaptation on the protein sequence and transcriptional shift to high altitude
adaptation. Comparative transcriptomics found that rare convergence on adaptively convergent
genes (only five most conserved genes under positive selection with identical nonrandom amino
acid substations among three high-altitude species), instead higher convergence on GO categories
and KEGG pathways level. Comparative expression analyses showed an organ-specific expression
pattern in the whole gene set and more similar in muscular organs including cardiac and skeletal
muscle of the same species. However, we observed an altitude-dominated expression clustering
pattern which differs from the known phylogenetic topology for highly, conserved differentially and
altitude-associated modularly expressed gene sets, suggesting a convergence on expression patterns
in high-altitude adaptation. Taken together, our results indicate that genetic convergent mechanisms
of molecular convergence and expression convergence underlie the basis of species adapting to the

high-altitude extreme environment.
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Genetic basis of repeated evolution in sticklebacks: Insights from population
genomics in pungitius sticklebacks
Baocheng Guo (Chinese Academy of Sciences, China)

Interest in repeated adaptation has deep roots in evolutionary biology. Many traits in wild have
evolved repeatedly in response to similar environments, suggesting that they are adaptive and
shaped by natural selection. However, the genetic basis underlying repeated adaptation in wild is
still largely unknown. Sticklebacks are a case in point. Sticklebacks show repeated evolution —
parallel evolution within species and convergent evolution among different species, during
adaptation from marine to freshwater. Genetic basis of marine to freshwater adaptation has been
uncovered in great detail in three-spined stickleback (Gasterosteus aculeatus), but little is known in
other sticklebacks, for example, the nine-spined stickleback (Pungitius pungitius) that is distributed
in a common landscape with the three-spined sticklebacks. To this end, we first took phylogenomic
approach with RAD-seq data to construct the evolutionary history of the Pungitius species and
populations globally with emphasis in nine-spined sticklebacks. Then, we characterized the
genomic divergence landscape along the evolutionary history of Pungitius species and the
adaptation from marine to freshwater in nine-spined sticklebacks. Finally, we took a population
transcriptomic approach to investigate genome-wide gene expression differentiation between
marine and freshwater nine-spined sticklebacks to if it is similar to that between marine and
freshwater three-spined sticklebacks. A robust phylogeny was constructed for seven Pungitius
sticklebacks from a global 34 Pungitius populations with 21 nine-spined populations. Frequent
genetic introgression was found during the evolution of Pungitius sticklebacks. Many genomic
regions were recurrently found to be underlined with Pungitius speciation and contained well-
known genes involved in fish speciation. Many genomic regions underlined divergence between
marine and freshwater nine-spined stickleback were found to be similar to those in three-spined
sticklebacks, and the genome-wide gene expression differentiation patterns between marine and
freshwater nine-spined sticklebacks do so. Studying parallel and/or convergent evolution, the
independent evolution of similar phenotypes at intraspecific and/or interspecific level, allows us to
understand when, how, and why organisms arrive at similar solutions to similar evolutionary
problems and, thus, address repeatability and predictability in evolution. By comparing to the well-
studied threespined sticklebacks, the population genomic study in the nine-spined sticklebacks
suggests that evolution is actually repeatable and predictable.
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Symbiotic contribution to the evolution of necrophagy in insects
Shantanu Shukla (Max Planck Institute for Chemical Ecology, Germany)

Ephemeral resources such as carrion have high nutritive value but are susceptible to rapid
degradation. This selects for rapid exploitation by organisms that fiercely contest to monopolize it.
Proliferation of microbial decomposers can render the meat unpalatable and toxic, reducing the
fitness of competing necrophagous animals. On the other hand, necrophagous insects such as
burying beetles have evolved elaborate antimicrobial strategies to defend carrion against microbial
decomposers. However, the effect of insect behavior on the microbial communities of ephemeral
diets and its biochemical properties, which enable their usage over prolonged durations, remains
poorly understood. Here, we demonstrate that the burying beetle Nicrophorus vespilloides, which
uses small carcasses for breeding, successfully manages carrion microbiota by preventing microbial
succession that is typically associated with putrefying carcasses. Instead, beetles inoculated a
symbiotic bacterial and fungal community that prevented the buildup of toxic metabolites in carrion
on which the larvae fed. Beetleprepared carcasses suppressed the growth of soil-associated molds,
but instead promoted the growth of a fungal symbiont that produced extracellular digestive enzymes
on the carcass. This regulation of the carcass microbiome was adaptive for beetles, for when
disrupted, it reduced larval growth. Further, the symbionts were consistently abundant within the
family Silphidae that contains several necrophagous beetles. Such regulation of carrion microbiota
and its biochemical properties constitutes an adaptive carrion management strategy by the burying

beetles and likely contributed to the evolution of necrophagy in insects.
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Gut symbiotic bacteria confer insect body pigmentation

Minoru Moriyama (National Institute of Advanced Industrial Science and Technology, Japan)

Cryptic color formation is the most prevailing tactic among insect body pigmentation, and
sophisticated mechanisms achieving blend into the background color are favored in the course of
evolution. In herbivorous insects, green body color resembling leaves is known to be developed by
a combination of blue bilin-binding proteins and yellow carotenoids. Animals are unable to
synthesize the latter pigments de novo by themselves with a few exceptions, and therefore usually
rely on their supply from food sources. However, in sap feeders, unlike leaf feeders, a limited
availability of carotenoids in the food source is expected to complicate carotenoid-based green
coloration. Here, I present an elaborate symbiotic interaction between gut bacteria and a host sap-
feeding insect in association with body pigmentation. A stinkbug, Plautia stali, has yellow-green
body color and harbors particular inheritable bacteria, which is essential for host growth and normal
body coloration, in their midgut specialized for symbiosis. The symbiotic bacteria possess a
complete set of carotenoid synthesis genes in their genome, and substantially produce a series of
carotenoids in the symbiotic midgut. The contribution of symbiotic bacteria to body color formation
was investigated by infecting symbionts whose carotenoid synthetic ability was modified. The
carotenoid pigments were detected from the epidermis of the host insects with normal symbionts in
the similar proportion to bacterial source, but not from the insects with symbionts whose carotenoid
synthesis ability was deprived. These findings revealed that diverting symbiont-derived pigments

plays a critical role in insect body color evolution.
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Symbiosis for beetle’s hardness
Takema Fukatsu (Natl Inst Adv Indust Sci Tech/Univ Tokyo/Univ Tsukuba, Japan)

Beetles, comprising the insect order Coleoptera, represent the majority of the biodiversity described
thus far, of which weevils comprise the most species-rich group, the superfamily Curculionoidea,
with some 70,000 described species in the world. Many, if not all, weevils are associated with an
ancient y-proteobacterial endosymbiont lineage, Nardonella, in the bacteriome, whose evolutionary
origin is estimated as older than 100 million years. Despite the long-lasting host-symbiont co-
evolution, Nardonella’s biological role has been poorly understood. Here we report genomic,
transcriptomic and functional analyses of the Nardonella symbionts associated with diverse
weevils, which unveiled their extremely reduced genomes down to as small as 0.2 Mb. The tiny
genomes encode minimal but complete gene sets for bacterial replication, transcription and
translation, while lacking almost all the other metabolic pathway genes, which indicate
Nardonella’s near-complete dependence on host-derived metabolites toward a minimal cellular
entity through the ancient co-evolutionary history. Notably, a set of metabolic genes is
conspicuously retained in the Nardonella genomes, namely synthesis pathway genes for a specific
amino acid, tyrosine. Weevils are armored with hard cuticle, tyrosine is the principal precursor
needed for cuticle formation, and the Nardonella genome has been streamlined for a single
biological function, tyrosine provisioning, for sustaining the weevil’s highly sclerotized
exoskeleton, which elucidates the general importance of endosymbiont-provisioned tyrosine for

cuticle formation in weevils, and potentially also in other beetles.
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Proto-farming and the carried microbiome in a social amoeba
Longfei Shu (Washington University, USA)

Bacterial symbionts have important effects on the fitness of eukaryotes, ranging from parasitism to
mutualism. To better understand their interactions, we need simple model systems where the impact
of different partners can be understood and manipulated. An ideal study system is the social amoeba
Dictyostelium discoideum and its associated bacteria. D. discoideum is a soil dwelling amoeba that
is well known for its social life. It has been used as a model species in cell biology and social
evolution and is also one of the thirteen model organisms listed by NIH. Our lab group has recently
found that some wild amoeba clones stably associate with different bacterial partners and use them
as food and weapons. These clones are called farmers because they can seed and harvest their crops
in new environments. In addition, two clades of inedible Burkholderia bacteria have been found to
induce farming, causing the amoeba host to carry both them and edible crop bacteria. This system
provides an opportunity to study a special form of symbioses, the farming symbiosis, which is rare
in nature and only found in fungus growing ants and a few other systems. This system also gives us
a unique chance to study bacteria-eukaryote interactions. Amoeba farmers carry a mini-microbiome
consisting of several bacteria species. These carried bacteria partners can provide novel traits for
their hosts such as proto-farming and defense. In addition, they can have different fitness
consequences for their hosts, making this a great system to investigate cooperation and conflict in
both partners. This system is also suitable for studying how antagonistic interactions evolve to be
more mutualistic. This system will also contribute to human disease and health, as many of the
carried bacteria are relatives of human pathogens such as Burkholderia spp. In addition, many of
the core mechanisms used by amoebas to ingest and kill bacteria have also been evolutionarily
conserved in human phagocytic cells. Amoebas can also serve as environmental reservoirs for
bacterial pathogens. Therefore this system will also increase our understanding of the role of

amoebas in spreading of infectious disease.
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Extraordinary diversity and evolution of endosymbionts across weevil tree of life
Guanyang Zhang (University of Florida, USA)

Paul Buchner showed that weevils (Curculionoidea) host diverse bacterial endosymbionts; the
number only second to hemipteran insects (e.g., aphids, cicadas and allies). To date, there is no
taxonomically broad molecular survey of endosymbionts in weevils, precluding a systematic
understanding of the diversity and evolution of endosymbionts associated with weevils, which
comprise nearly 7% of all described insects. Working towards filling this gap in knowledge, we
performed a molecular survey of weevil endosymbionts by sequencing the 16s gene using the
[llumina NGS platform. We examined 110 weevil specimens, a data set representing the largest and
broadest taxonomic sample of weevils, composed of four families and 17 subfamilies. We obtained
more than 11 million sequence reads. Based on this data set and a newly reconstructed molecular
phylogeny of weevils, we investigated large-scale evolutionary patterns of endosymbionts across
the weevil tree of life. We unraveled an extraordinary diversity of endosymbionts in weevils,
constituted by at least 44 distinct bacterial lineages, most of which may be novel. We recovered an
ancient origin of the association of “Candidatus Nardonella” with weevils, dating back to 124
MYA. We established that Nardonella was lost repeatedly across the weevil phylogeny, but it also
exhibited a pattern of cophylogenetic evolution with their hosts. We also investigated patterns of

coexistence and coexclusion between different endosymbionts.
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