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Background: The blunt snout bream, Megalobrama amblycephala, is the economically
most important cyprinid fish species. As an herbivore, it can be grown by eco-friendly
and resource-conserving aquaculture. However, the large number of intermuscular
bones in the trunk musculature is adverse to fish meat processing and consumption.
Results: As a first towards optimizing this aquatic lifestock, we present a 1.116-Gb draft
genome of M. amblycephala, with 779.54 Mb anchored on 24 linkage groups.
Integrating spatiotemporal transcriptome analyses we show that intermuscular bone is
formed in the more basal teleosts by intramembranous ossification, and may play a
role in muscle contractibility and coordinating cellular events. Comparative analysis
revealed that olfactory receptor genes, especially of the beta type, underwent an
extensive expansion in herbivorous cyprinids, whereas the gene for the umami
receptor T1R1 was specifically lost in M. amblycephala. The composition of gut
microflora, which contributed to the herbivorous adaptation of M. amblycephala, was
found to be similar to that of other herbivores.

Conclusions: As a valuable resource for improvement of M. amblycephala lifestock, the
draft genome sequence offers new insights into the development of intermuscular bone
and herbivorous adaptation.
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Abstract

Background: The blunt snout bream, Megalobrama amblycephala, is the economically most
important cyprinid fish species. As an herbivore, it can be grown by eco-friendly and
resource-conserving aquaculture. However, the large number of intermuscular bones in the trunk
musculature is adverse to fish meat processing and consumption.

Results: As a first towards optimizing this aquatic lifestock, we present a 1.116-Gb draft genome
of M. amblycephala, with 779.54 Mb anchored on 24 linkage groups. Integrating spatiotemporal
transcriptome analyses we show that intermuscular bone is formed in the more basal teleosts by
intramembranous ossification, and may play a role in muscle contractibility and coordinating
cellular events. Comparative analysis revealed that olfactory receptor genes, especially of the beta
type, underwent an extensive expansion in herbivorous cyprinids, whereas the gene for the umami
receptor T1R1 was specifically lost in M. amblycephala. The composition of gut microflora, which
contributed to the herbivorous adaptation of M. amblycephala, was found to be similar to that of
other herbivores.

Conclusions: As a valuable resource for improvement of M. amblycephala lifestock, the draft
genome sequence offers new insights into the development of intermuscular bone and herbivorous

adaptation.

Keywords: Megalobrama amblycephala, whole genome, herbivorous diet, intermuscular bone,

transcriptome, gut microflora



©CO~NOOOTA~AWNPE

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

Background

Fishery and aquaculture play an important role in global alimentation. Over the past decades food
fish supply has been increasing with an annual rate of 3.6 percent, about 2 times faster than the
human population [1]. This growth of fish production is meanwhile solely accomplished by an
extension of aquaculture, as over the past thirty years the total mass of captured fish has remained
almost constant [1]. As a consequence of this emphasis on fish breeding, the genomes of various
economically important fish species, e.g. cod (Gadus morhua) [2], rainbow trout (Oncorhynchus
mykiss) [3], yellow croaker (Larimichthys crocea) [4], tilapia (Oreochromis niloticus) [5] and
half-smooth tongue sole (Cynoglossus semilaevis) [6], have been sequenced. Yet, the majority of
these species are carnivorous requiring large inputs of protein from wild caught fish or other
precious feed. The focus of aquacultures is, however, gradually shifting towards more resource
friendly herbivorous and omnivorous species, and in particular cyprinid fish. Consequently,
cyprinids are currently the economically most important group of teleosts for sustainable
aquaculture. They grow to large population sizes in the wild and already now account for the
majority of freshwater aquaculture production worldwide [1]. Among these, the herbivorous
Megalobrama amblycephala, a particularly eco-friendly and resource-conserving species, is
predominant in aquaculture and has been greatly developed in China. However, most cyprinids,
including M. amblycephala, have a large number of intermuscular bones (IBs) in the trunk
musculature, which have an adverse effect on fish meat processing and consumption. IBs—a
unique form of bone occurring only in the more basal teleosts—are completely embedded within
the myosepta and are not connected to the vertebral column or any other bones [7, 8]. To date little
is known about the molecular genetic basis of IB and its formation during development. Similarly
the evolution of this unique structure remains obscure. Unfortunately, the recent sequencing of
two cyprinid genomes common carp (Cyprinus carpio) [9] and grass carp (Ctenopharyngodon
idellus) [10], which provided valuable information for their genetic breeding, contributed little to
the understanding of IB formation.

In an initial genome survey of M. amblycephala, we identified 25,697 SNPs [11], 347
conserved miRNAs and 22 novel miRNAs [12]. However, lack of a whole genome sequence

resource limited a thorough investigation of M. amblycephala. Here we report the first
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high-quality draft genome sequence of M. amblycephala. Integrating this novel genome resource
with tissue- and developmental stage-specific gene expression information, as well as with
meta-genome data to investigate the composition of the gut microbiome provides relevant insights
into the function and evolution of two key features characterizing this species: The formation of
IB and the adaptation to herbivory. By that our study lays the foundation for genetically
optimizing M. amblycephala to further increase its relevance for securing human food supply.

Data description

Genome Assembly and Annotation

The M. amblycephala genome was sequenced and assembled by a whole-genome shotgun strategy
using genomic DNA from a double-haploid line (Additional file 1: Table S1). We assembled a
1.116 Gb reference genome sequence from 142.55 Gb (approximately 130-fold coverage) of clean
data [13] (Additional file 1: Tables S1 and S2, Figure S1). The contig and scaffold N50 lengths
reached 49 Kb and 839 Kb, respectively (Table 1). The largest scaffold spans 8,951 Kb and the
4,034 largest scaffolds cover 90% of the assembly (Additional file 1: Tables S3 and S4). The
mapping of paired end sequence data from the short-insert size WGS libraries (Additional file 1:
Table S5), as well as of published ESTs [11] (Additional file 1: Tables S6 and S7) against the
genome assembly indicated that number and extent of misassemblies is low and comparable to
those of other sequenced fish species (Additional file 1: Table S8).

Using a comprehensive annotation strategy combining RNA-seq derived transcript evidence,
de-novo gene prediction and sequence similarity to proteins from five further fish species, we
annotated a total of 23,696 protein-coding genes (Additional file 1: Table S9). Of the predicted
genes, 99.94% (23,681 genes) are supported by transcript data and/or by the existence of
homologs in other species (Additional file 1: Table S10). In addition, we identified 1,796
non-coding RNAs including 474 miRNAs, 220 rRNA, 530 tRNAs, and 572 snRNAs (Additional
file 1: Table S11). Transposable elements (TEs) comprise approximately 34% (381.3 Mb) of the M.
amblycephala genome (Additional file 1: Tables S12 and S13). DNA transposons (23.80%) and
long terminal repeat retrotransposons (LTRs) (9.89%) are the most abundant TEs in M.
amblycephala. The proportion of LTRs in M. amblycephala is highest in comparison with other

teleosts: G. morhua (4.88%) [2], C. semilaevis (0.08%) [6] and L. crocea (2.2%) [4], C. carpio
4
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(2.28%) [9], C. idellus (2.58%) [10], stickleback (Gasterosteus aculeatus) (1.9%) [14] (Additional
file 1: Tables S13 and S14, Figures S4 and S5). Notably, the distribution of divergence between
the TEs in M. amblycephala peaks at only 7% (Additional file 1. Figure S6), indicating a more
recent activity of these TEs when compared with O. mykiss (13%) [3] and C. semilaevis (9%) [6].
Anchoring Scaffolds and Shared Synteny Analysis

We constructed a high-resolution genetic map based on 5,317 single-nucleotide polymorphism
(SNP) markers extracted from 198 individuals. The map spans 1,701 cM with a mean marker
distance of 0.33 cM and facilitated an anchoring of 1,434 scaffolds comprising 70% (779.54 Mb)
of the M. amblycephala genome assembly to form 24 linkage groups (Additional file 1: Table
S15). Of the anchored scaffolds, 598 could additionally be oriented (678.27 Mb, 87.01% of the
total anchored sequences) (Figure 1A, Additional file 1: Table S15). A subsequent comparison of
the gene order between M. amblycephala and its close relative C.idellus revealed 607 large shared
syntenic blocks encompassing 11,259 genes, and 190 chromosomal rearrangements. The values
change to 1,062 regions, 13,152 genes and 279 rearrangements when considering zebrafish (Danio
rerio) (Additional file 1: Table S16). The unexpected higher number of genes in syntenic regions
shared with the more distantly related D. rerio is most likely an effect of the more complete
genome assembly of this species compared to C. idellus. The rearrangement events are distributed
across all M. amblycephala linkage groups without evidence for a local clustering (Figure 1B).
The most prominent event is a chromosomal fusion in M. amblycephala that joined two ancestral
chromosomes represented by D. rerio chromosomes Drel0 and Dre22. The same fusion is
observed in C. idellus but not in C. carpio suggesting that it probably occurred in a last common
ancestor of M. amblycephala and C. idellus, approximately 13.1 million years ago (Additional file
1: Figures S7 and S8).

Results

Evolutionary Analysis

A phylogenetic analysis of 316 single-copy genes with one to one orthologs in the genomes of 10
other fish species, and coelacanth (Latimeria chalumnae) and elephant shark (Callorhinchus milii),

as out group served as a basis for investigating the evolutionary trajectory of M. amblycephala
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(Figure 2A, Additional file 1: Figures S9 and S10). To illuminate the evolutionary process
resulting in the adaptation to a grass diet, we analyzed the functional properties of expanded gene
families in the M. amblycephala and C. idellus lineages (Additional file 1. Figure S11), two
typical herbivores mainly feeding on aquatic and terrestrial grasses. Among the significantly
over-represented KEGG pathways (Fisher’s exact test, P<0.01), we find olfactory transduction
(ko04740), immune-related pathways (ko04090, ko04672, ko04612 and ko04621), lipid metabolic
related process (ko00590, ko03320, ko00591, ko00565, ko00592 and ko04975), as well as
xenobiotics biodegradation and metabolism (ko00625 and ko00363) (Additional file 1: Tables S17
and S18, Figure S12). This indicates that an adaptation to herbivory goes hand in hand with
coping with plant secondary metabolites that are adverse or even toxic to the organism.
Furthermore, the high-fiber but low-energy grass diet requires a highly effective intermediate
metabolism that accelerates carbohydrate and lipid catabolism and conversion into energy to
maintain physiological functions. Indeed, when tracing positively selected genes in M.
amblycephala and C. idellus (Additional file 1: Table S19), we identified many candidates
involved in starch and sucrose metabolism (ko00500), citrate cycle (ko00020) and other types of
O-glycan biosynthesis (ko00514). Moreover, 20 genes encoding enzymes involved in lipid and
carbohydrate metabolism appear positively selected in both fish species (Additional file 1: Table

$20).

Development of Intermuscular Bones

To explain the genetic basis of intermuscular bones (IBs), their formation and their function in
cyprinids, we first analyzed the functional annotation of gene families that expanded in this
lineage (Figure 2B). Interestingly, many of these gene families are involved in cell adhesion (GO:
0007155, P=5.26E-32, 357 genes), myosin complex (GO:0016459, P=2.74E-08, 100 genes) and
cell-matrix adhesion (GO:0007160, P=1.59E-21, 69 genes), which interact dynamically to
mediate efficient cell motility, migration and muscle construction [15-17] (Figure 2C, Additional
file 1: Tables S21 and S22).

As a second line of evidence, we performed comparative transcriptome analyses of early

developmental stages (stagel: whole larvae without IBs) and juvenile M. amblycephala (stage2:
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trunk muscle with partial IBs; stage3: trunk muscle with completed IBs) (Figure 3A). We found
249 genes significantly up-regulated in stages 2 and 3 (with IB) compared to stage 1 (no IB).
Notably, many of these genes belong to KEGG pathways involved in tight junction (ko04530),
regulation of actin cytoskeleton (ko04810), cardiac muscle contraction (ko04260) and vascular
smooth muscle contraction (ko04270) (Additional file 1: Figure S14). These genes play important
roles in cell motility and muscle contraction [16, 18, 19], which resembles the findings from the
gene family expansion analysis. Specifically, some of these genes encoding proteins related to
muscle contraction, including titin, troponin, myosin, actinin, calmodulin and other Ca?
transporting ATPases (Figure 3A) point to a strong remodeling of the musculature compartment.

To confirm that the observed differences in gene expression are indeed linked to IB formation
and function and are not simply due to the fact that different developmental stages were compared,
we eventually extended the comparative transcriptome analysis to muscle tissues, IB, and
connective tissues from the same six months old individual of M. amblycephala (Figure 3B,
Additional file 1: Figures S15-17). Among the genes that are significantly up-regulated in the 1B
samples many encode extracellular matrix (ECM) proteins (collagens and intergrin-binding
protein), Rho GTPase family (RhoA, Rho GAP, Rac, Ras), motor proteins (myosin, dynein, actin),
and calcium channel regulation protein (Additional file 1: Figure S18 and Table S23). Interestingly,
it has been demonstrated that ECM proteins bound to integrins influence cell migration by
actomyosin-generated contractile forces [17, 20]. Rho GTPases, acting as molecular switches, also
play a pivotal role in regulating the actin cytoskeleton and cell migration, which in turn initiates
intracellular signaling and contributes to tissue repair and regeneration [21-23].

During development of M. amblycephala, the first IB appears in muscles of caudal vertebrae
as early as 28 days post fertilization (dpf) when body length is 12.95 mm (Additional file 1: Figure
S19). The system then develops and ossifies predominantly from posterior to anterior (Additional
file 1: Figure S20). IBs are present throughout the body within two months (Additional file 1:
Figure S21) and develop into multiple morphological types in adults (Additional file 1: Figure
S22). The bone is formed directly without an intermediate cartilaginous stage (Additional file 1:
Figures S23 and S24). We also found a large number of mature osteoblasts distributed at the edge

of the bone matrix while some osteocytes were apparent in the center of the mineralized bone

7
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matrix (Additional file 1: Figures S25 and S26). These primary bone-forming cells predominantly
regulate bone formation and function throughout life. Notably, among the genes up-regulated in
IB, 35 bone formation regulatory genes were identified (Figure 3D). In particular, genes involved
in Bmp signaling including Bmp3, Smad8, Smad9, and 1d2, in FGF signaling including Fgf2,
Fofrla, Fgfbp2, Col6a3, and Col4a5, and in Ca?* channels including Cacnalc, CaM, Creb5, and
Nfatc were highly expressed (>2-fold change) in IB (Additional file 1: Figure S27). It has been
demonstrated that Bmp, Fgf2, and Fgfrl play significant roles in intramembranous bone
development and affect the expression and activity of other osteogenesis related transcription
factors [24, 25]. The calcium-sensitive transcription factor NFATc1 together with CREB induces

the expression of osteoclast-specific genes [26].
Adaptation to Herbivorous Diet

Next to the presence of IB, the strict herbivory of M. amblycephala is the second key feature in
connection to the use of this species as aquatic lifestock. Olfaction, the sense of smell, is crucial
for animals to find food. The perception of smell is mediated by a large gene family of olfactory
receptor (OR) genes. The ORs of teleosts are predominantly expressed in the main olfactory
epithelium of the nasal cavity [27, 28] and can discriminate, like those of other vertebrates,
different kinds of odor molecules. However, compared to mammals, e.g. humans having around
400 ORs [29] the OR repertoires in teleosts are considerably small. They range from only about
48 in Fugu rubripes up to 161 in D. rerio (Figure 4A). In the M. amblycephala genome, we
identified 179 functional olfactory receptor (OR) genes (Figure 4A), and based on the
classification of Niimura [30], 158, 117 and 153 receptors for water-borne odorants were
identified in M. amblycephala, C. idellus and D. rerio, respectively (Additional file 1: Table S24).
Overall, these receptor repertoires are substantially larger than those of other and carnivorous
teleosts (G. morhua, C. semilaevis, O. latipes, X. maculatus) (Additional file 1: Figures S28 and
S29, Table S24). This suggests that olfaction—probably for food choice—plays a particularly
important role in the cyprinid species. Previous studies have demonstrated that the beta type OR
genes are present in both aquatic and terrestrial vertebrates, indicating that the corresponding

receptors detect both water-soluble and airborne odorants [28, 30]. Intriguingly, we found a
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massive expansion of beta-type OR genes in the genomes of the herbivorous M. amblycephala and
C. idellus, while very few exist in other teleosts (Figure 4B, Additional file 1: Tables S24 and
S25).

Taste is also an important factor in the development of dietary habits. Most animals can
perceive five basic tastes, namely sourness, sweetness, bitterness, saltiness and umami [31].
Interestingly, T1R1, the receptor gene necessary for sensing umami, has been lost in herbivorous
M. amblycephala but is duplicated in carnivorous G. morhua, C. semilaevis and omnivorous O.
latipes and X. maculatus (Figures 4C and 4D, Additional file 1: Figures S30-32 and Table S26). In
contrast, T1IR2, the receptor gene for sensing sweet, has been duplicated in herbivorous M.
amblycephala and C. idellus, omnivorous C. carpio and D. rerio, while it has been lost in
carnivorous G. morhua and C. semilaevis (Additional file 1: Figure S33 and Table S26). Bitterness
sensed by the T2R is particularly crucial for animals to protect them from poisonous compounds
[32]. Probably in the course switching to a diet that contains a larger fraction of bittern containing
food, also the T2R gene family in M. amblycephala, C. idellus, C. carpio and D. rerio has been
expanded (Additional file 1: Figure S34).

To obtain further insights into the genetic adaptation to herbivorous diet, we focused on
further genes that might be associated with digestion. Genes that encode proteases (including
pepsin, trypsin, cathepsin and chymotrypsin) and amylases (including alpha-amylase and
glucoamylase) were identified in the genomes of M. amblycephala, carnivorous C. semilaevis, G.
morhua and omnivorous D. rerio, O. latipes and X. maculatus, indicating that herbivorous M.
amblycephala has a protease repertoire that is not substantially different from those of carnivorous
and omnivorous fishes (Additional file 1: Table S27). We did not identify any genes encoding
potentially cellulose-degrading enzymes including endoglucanase, exoglucanase and
beta-glucosidase in the genome of M. amblycephala, suggesting that utilization of the herbivorous
diet may largely depend on the gut microbiome. To elucidate this further, we determined the
composition of the gut microbial communities of juvenile, domestic, wild adult M. amblycephala
and wild adult C. idellus using bacterial 16S rRNA sequencing (Additional file 1: Figure S35). A
total of 549,020 filtered high quality sequence reads from 12 samples were clustered at a similarity

level of 97%. The resulting 8,558 operational taxonomic units (OTUs) are dominated at phylum

9
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level by Proteobacteria, Fusobacteria, Bacteroidetes, Firmicutes and Actinobacteria (Figure 4E,
Additional file 1: Table S28). Increasing the resolution to the genus level, the composition and
relative abundance of the gut microbiota of wild adult M. amblycephala and C. idellus are still
very similar (Additional file 1. Table S29) and we could identify more than 7%
cellulose-degrading bacteria (Additional file 1: Table S30). This indicates that indeed the gut
microbiome plays a prominent role in the digestion of plant material, and thus in the adaptation to

herbivory.

Discussion

M. amblycephala is the economically most important species for freshwater aquaculture. In
addition to its various superior properties, expecially its herbivorous diet, it is also an excellent
model to study intermuscular bones (IB) formation. Here we make available draft genome of M.
amblycephala with more than 70% of genome data anchored on 24 linkage groups. Comparative
analyses of genome structure revealed high synteny with three other cyprinid fish and uncovered a
chromosomal fusion event in M. amblycephala that joined two ancestral chromosomes (Figure
1B), which supports the previous results in C. idellus [10] and also provides novel scientific
insights into the evolution of chromosome fusion events in cyprinids.

The evolutionary trajectory analysis of M. amblycephala and other teleosts revealed that M.
amblycephala has the closest relationship to C. idellus (Figure 2A). Both the species are
herbivorous fish but which endogenous and exogenous factors affected their feeding habits and
how they adapted to their herbivorous diet is not known. Olfaction and taste are crucial for
animals to find food and to distinguish whether potential food is edible or harmful [28, 32]. The
search for genes encoding OR showed that herbivorous M. amblycephala and C. idellus have a
large number of beta-type OR, while other omnivorous and carnivorous fish only have one or two.
This might be attributed to their particular herbivorous diet consisting not only of aquatic grasses
but also the duckweed and terrestrial grasses, which they ingest from the water surface. Previous
studies have demonstrated that the receptor for umami is formed by the TIR1/T1R3 heterodimer,
while T1R2/T1R3 senses sweet taste [33]. We found that the umami gene T1R1 was lost in

herbivorous M. amblycephala but duplicated in the carnivorous G. morhua and C. semilaevis
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(Figure 4C). The loss of the T1R1 gene in M. amblycephala excludes the expression of a
functional umami taste receptor. Such situations in other organism, e.g. the Chinese panda, have
previously been related to feeding specialization [13, 34]. Interestingly, the sweetness receptor
T1R2 and bitter receptor T2R genes are expanded in the herbivorous fish but few or no copy was
found in carnivorous fish. Collectively, these results not only indicate the genetic adaptation to
herbivorous diet of M. amblycephala, but also provided a clear and comprehensive picture of
adaptive evolutionary mechanisms of sensory systems in other fish species with different trophic
specializations.

Some insects such as Tenebrio molitor [35] and Neotermes koshunensis [36], and the mollusc
Corbicula japonica [37] have genes encoding endogenous cellulose degradation-related enzymes.
However, all so far analyzed herbivorous vertebrates lack these genes and always rely on their gut
microbiome to digest food [13, 38]. In herbivorous M. amblycephala and C. idellus, we also did
not find any homologues of digestive cellulase genes. Interestingly, our work on the composition
of gut microbiota of the two fish species identifies more than 7% cellulose-degrading bacteria,
suggesting that the cellulose degradation of herbivorous fish largely depend on their gut
microbiome.

Intermuscular bones (IBs) have evolved several times during teleost evolution [7, 39]. The
developmental mechanisms and ossification processes forming IBs are dramatically distinct from
other bones such as ribs, skeleton, vertebrae or spines. These usually develop from cartilaginous
bone and are derived from the mesenchymal cell population by endochondral ossification [24, 40].
However, I1Bs form directly by intramembranous ossification and differentiate from osteoblasts
within connective tissue, forming segmental, serially homologous ossifications in the myosepta.
Although various methods of ossification of IB have been proposed, few experiments have been
conducted to confirm the ossification process and little is known about the potential role of IB in
teleosts. Based on our findings of over-represented functional properties of expanded gene
families in cyprinid lineage (Figure 2C) and evidence from the comparative transcriptome
analyses of early developmental stages of IB formation (Figure 3A), we provide molecular
evidence that IB might play significant roles not only in regulating muscle contraction but also in

active remodeling at the bone-muscle interface and coordination of cellular events.
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It has previously been found that some major developmental signals including bone
morphogenetic proteins (BMPs), fibroblast growth factors (FGFs), and WNT, together with
calcium/calmodulin signaling [24, 41-43], are essential for regulating the differentiation and
function of osteoblasts and osteocytes and for regulating the RANKL signaling pathway for
osteoclasts [44] in intramembranous bone development. In agreement with this concept, our
comparative transcriptome analysis of muscle, IB and connective tissues uncovered that 35 bone
formation regulatory genes involved in these signals were highly up-regulated in IB. Taken
together, these results suggest that IB indeed undergoes an intramembranous ossification process,
is regulated by bone-specific signaling pathways, and underlies a homeostasis of maintenance,

repair and remodeling.

Conclusions

Our results provide novel functional insights into the evolution of cyprinids. Importantly, the M.
amblycephala genome data come up with novel insights shedding light on the adaptation to
herbivorous nutrition and evolution and formation of IB. Our results on the evolution of gene
families, digestive and sensory system, as well as our microbiome meta-analysis and
transcriptome data provide powerful evidence and a key database for future investigations to
increase the understanding of the specific characteristics of M. amblycephala and other fish
Species.

Methods

Sampling and DNA Extraction

DNA for genome sequencing was derived from a double haploid line from the M. amblycephala
genetic breeding center at Huazhong Agricultural University (Wuhan, Hubei, China). Fish blood
was collected from adult female fish caudal vein using sterile injectors with pre-added
anticoagulant solutions following anesthetized with MS-222 and sterilization with 75% alcohol.
Genomic DNA was extracted from the whole blood. All experimental procedures involving fish
were performed in accordance with the guidelines and regulations of the National Institute of
Health Guide for the Care and Use of Laboratory Animals. The experiments were also approved

by the Animal Care and Use Committee of Huazhong Agricultural University.
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Genomic Sequencing and Assembly

Libraries with different insert sized inserts of 170 bp, 500 bp, 800 bp, 2 Kb, 5 Kb, 10 Kb and 20
Kb were constructed from the genomic DNA at BGI-Shenzhen. The libraries were sequenced
using a HiSeq2000 instrument. In total, 11 libraries, sequenced in 23 lanes were constructed. To
obtain high quality data, we applied filtering criteria for the raw reads. As a result, 142.55 Gb
(129.59X) of filtered data were used to complete the genome assembly using SOAPdenovo-1.05
[13]. Only filtered data were used in the genome assembly. First, the short insert size library data
were used to construct a de Bruijn graph. The tips, merged bubbles and connections with low
coverage were removed before resolving the small repeats. Second, all high-quality reads were
realigned with the contig sequences. The number of shared paired-end relationships between pairs
of contigs was calculated and weighted with the rate of consistent and conflicting paired ends
before constructing the scaffolds in a stepwise manner from the short—insert size paired ends to the
long-insert size paired ends. Third, the gaps between the constructed scaffolds were composed
mainly of repeats, which were masked during scaffold construction. These gaps were closed using
the paired-end information to retrieve read pairs in which one end mapped to a unique contig and
the other was located in the gap region. Subsequently, local assembly was conducted for these
collected reads.

Genome Annotation

The genome was searched for repetitive elements using Tandem Repeats Finder (version 4.04)
[45]. TEs were identified using homology-based approaches. The Repbase (version 16.10) [46]
database of known repeats and a de novo repeat library generated by RepeatModeler were used.
This database was mapped using the software of RepeatMasker (version 3.3.0). Four types of
non-coding RNAs (microRNAs, transfer RNAs, ribosomal RNAs and small nuclear RNAs) were
also annotated using tRNAscan-SE (version 1.23) and the Rfam database45 (Release 9.1) [47].
For gene prediction, de novo gene prediction, homology-based methods and RNA-seq data were
used to perform gene prediction. For the sequence similarity based prediction, D. rerio, G.
aculeatus, O. niloticus, O. latipes and G. morhua protein sequences were downloaded from
Ensembl (release 73) and were aligned to the M. amblycephala genome using TBLASTN. Then

homologous genome sequences were aligned against the matching proteins using GeneWise [48]
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to define gene models. Augustus was employed to predict coding genes using appropriate
parameters in de novo prediction. For the RNA-seq based prediction, we mapped transcriptome
reads to the genome assembly using TopHat [49]. Then, we combined TopHat mapping results
together and applied Cufflinks [50] to predict transcript structures. All predicted gene structures
were integrated by GLEAN [51] (http://sourceforge.net/projects/glean-gene/) to obtain a
consensus gene set.

Phylogenetic Tree Reconstruction and Divergence Time Estimation

The coding sequences of single-copy gene families conserved among M. amblycephala, C. idellus,
C. carpio, D. rerio, C. semilaevis, G. morhua, G. aculeatus, Latimeria chalumnae, O. mykiss, O.
niloticus, O. latipes, C. milii and Fugu rubripes (Ensembl Gene v.77) were extracted and aligned
with guidance from amino-acid alignments created by the MUSCLE program [52]. The individual
sequence alignments were then concatenated to form one supermatrix. PhyML [53, 54] was
applied to construct the phylogenetic tree under an HKY85+gamma model for nucleotide
sequences. ALRT values were taken to assess the branch reliability in PhyML. The same set of
codon sequences at position 2 was used for phylogenetic tree construction and estimation of the
divergence time. The PAML mcmctree program (PAML version 4.5) [55, 56] was used to
determine divergence times with the approximate likelihood calculation method and the
‘correlated molecular clock' and 'REV' substitution model.

Gene Family Expansion and Contraction Analysis

Protein sequences of M. amblycephala and 11 other related species (Ensembl Gene v.77)) were
used in BLAST searches to identify homologs. We identified gene families using CAFE [57],
which employs a random birth and death model to study gene gains and losses in gene families
across a user-specified phylogeny. The global parameter A, which describes both the gene birth ()
and death (u = —\) rate across all branches in the tree for all gene families, was estimated using
maximum likelihood [53]. A conditional P-value was calculated for each gene family, and families
with conditional P-values less than the threshold (0.05) were considered as having notable gain or
loss. We identified branches responsible for low overall P-values of significant families.

Detection of Positively Selected Genes

We calculated Ka/Ks ratios for all single copy orthologs of M. amblycephala and C. semilaevis, D.
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rerio, G. morhua, O. niloticus and C. carpio. Alignment quality was essential for estimating
positive selection. Thus, orthologous genes were first aligned by PRANK [58], which is
considerably conservative for inferring positive selection. We used Ghblocks [59] to remove
ambiguously aligned blocks within PRANK alignments and employed ‘codeml’ in the PAML
package with the free-ratio model to estimate Ka, Ks, and Ka/Ks ratios on different branches. The
differences in mean Ka/Ks ratios for single-copy genes between M. amblycephala and each of the
other species were compared using paired Wilcoxon rank sum tests. Genes that showed values of
Ka/Ks higher than 1 along the branch leading to M. amblycephala were reanalyzed using the
codon based branch-site tests implemented in PAML. The branch-site model allowed o to vary
both among sites in the protein and across branches, and was used to detect episodic positive
selection.

Prediction of Olfactory Receptor Genes

Olfactory receptor genes were identified by previously described methods [60], with the exception
of a first-round TBLASTN [61] search, in which 1,417 functional olfactory receptor genes from H.
sapiens, D. rerio, L. chalumnae, Lepisosteus oculatus, L. vexillifer, O. niloticus, O. latipes, F.
rubripes and Xenopus tropicalis were used as queries. We then predicted the structure of
sequenced genes using the blast-hit sequence with the software GeneWise extending in both 3' and
5' directions along the genome sequences. To construct phylogenetic trees, the amino-acid
sequences encoded by olfactory receptor genes were first aligned using the program MUSCLE
nested in MEGA 5.10 [62]. We then constructed the phylogenetic tree using the neighbor-joining
method [63] with Poisson correction distances using the program MEGA 5.10.

RNA Sequencing Analysis

RNA was extracted from total fish samples at different stages and from individual muscle,
connective tissue, and intermuscular bone samples of adult M. amblycephala. Paired-end RNA
sequencing was performed using the Illumina HiSeq 2000 platform. Low quality score reads were
filtered and the clean data were aligned to the reference genome using Bowtie [64]. Genes and
isoforms expression level were quantified by a software package: RSEM (RNASeq by
Expectation Maximization) [65]. Gene expression levels were calculated by using the RPKM

method (Reads per kilobase transcriptome per million mapped reads) [66] and adjusted by a
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scaling normalization method [67]. Differentially expressed genes (DEGs) were detected using
DESeq [68]. Annotation of DEGs were mapped to GO categories in the database
(http://lwww.geneontology.org/) and the number of genes for every term were calculated to
identify GO terms that were significantly enriched in the input list of DEGs. The calculated
P-value was adjusted by the Bonferroni Correction, taking corrected P-value < 0.05 as a threshold.
KEGG [69] automatic annotation was used to perform pathway enrichment analysis of DEGs.

Additional file

Additional file 1: Supplementary Material contains Supplementary Figs. S1-S35, Supplementary

Tables S1-S30, Supplementary Note, and Supplementary References.
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Figure Legends

Figure 1 Global view of the M. amblycephala genome and syntenic relationship between
Ctenopharyngodon idellus, M. amblycephala and Danio rerio. (A) Global view of the M.
amblycephala genome. From outside to inside, the genetic linkage map (a); Anchors between the
genetic markers and the assembled scaffolds (b); Assembled chromosomes (c); GC content within
a 50-kb sliding window (d); Repeat content within a 500-kb sliding window (e); Gene distribution
on each chromosome (f); Different gene expression of three transcriptomes (g). (B) Syntenic

relationship between C. idellus (a), M. amblycephala (b) and D. rerio (c) chromosomes.

Figure 2 Phylogenetic tree and comparison of orthologous genes in M. amblycephala and other
fish species. (A) Phylogenetic tree of teleosts using 316 single copy orthologous genes. The color
circles at the nodes shows the estimated divergence times using O. latipes—F. rubripes
[96.9~150.9Mya], F. rubripes-D. rerio [149.85~165.2Mya], F. rubripes—C. milii [416~421.75Mya]
(http:/lwww.timetree.org/) as the calibration time. Pentagram represents four cyprinid fish with
intermuscular bones. S, silurian period; D, devonian period; C, carboniferous period; P, permian
periodin Paleozoic; T, triassic period; J, jurassic and k-cretaceous period in Mesozoic; Pg,
paleogene in Cenozoic Era, N, Neogene. (B) Venn diagram of shared and unique orthologous gene
families in M. amblycephala and four other teleosts. (C) Over-represented GO annotations of

cyprinid-specific expansion gene families.

Figure 3 Regulation of genes related to intermuscular bone formation and function identified from
developmental stages and adult tissues transcriptome data. (A) Gene expression pattern involved
in muscle contraction regulated genes in early developmental stages corresponds to intermuscular
bone formation of M. amblycephala, (alizarin red staining). M, myosepta; IB, intermusucular bone.
(B) Scanning electron microscope photos of muscle tissues, connective tissues, and intermuscular
bone. (C) Distribution of intermuscular bone specific genes in GO annotations indicative of
abundance in protein binding, calcium ion binding, GTP binding functions. (D) Several
developmental signals regulating key steps of osteoblast and osteoclast differentiation in the
process of intramembranous ossification. Colored boxes indicate significantly up-regulated genes
in these signals specifically occurred in intermuscular bone.
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Figure 4 Molecular characteristics of sensory systems and the composition of gut microbiota in M.
amblycephala. (A) Extensive expansion of olfactory receptor genes (ORs) in M. amblycephala
compared with other teleosts. (B) Phylogeny of ‘beta’ type ORs in eight representative teleost
species showing the significant expansion of ‘beta’ ORs in M. amblycephala and C. idellus. The
pink background shows cyprinid-specific ‘beta’ types of ORs. (C) Umami, sweet and bitter tastes
related gene families in teleosts with different feeding habits. (D) Structure of the umami receptor
encoding T1R1 gene in cyprinid fish. (E) Relative abundance of microbial flora and taxonomic
assignments in juvenile (LBSB), domestic adult (DBSB), wild adult (BSB) M. amblycephala and

wild adult C. idellus (GC) samples at the phylum level.
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Table

Table 1 Features of the Megalobrama amblycephala whole genome sequence

Total genome size (Mb)

N90 length of scaffold (bp)

N50 length of scaffold (bp)

N50 length of contig (bp)

Total GC content (%)

Protein-coding genes number

Average gene length (bp)

Content of transposable elements (%)
Number of chromosomes

Number of makers in genetic map
Scaffolds anchored on linkage groups (LGS)
Length of scaffolds anchored on LGs (Mb)

1,116
20,422
838,704
49,400
37.30
23,696
15,797
34.18
24
5,317
1,434
779.54 (70%)
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