











Table 1. General information for 35 novel ncRNA candidates identified in this study
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GGN_ID GenBank_ID Reads no Length ncRNA_ Target Genomic chr_location_ Seq_identity_
type _location in_zebra finch with_zebra
in_chick finch
GGNI11 EU240230 2 85 CD 28S rRNA Intergenic No hit No hit
GGN20 EU240238 1 61 CD 28S rRNA Intergenic No hit No hit
GGN37 EU240254 1 70 CD 28S rRNA Intergenic chr4 13645396 13645464 + 85.30%
GGNS86 EU240302 9 96 CD Orphan Intergenic chr22_random 663757 663840 + 92.50%
GGNI120 EU240333 1 71 CD Orphan Intronic No hit No hit
GGNI138  EU240346 1 58 CD Orphan Intergenic No hit No hit
GGNI148  EU240352 2 66 CD Orphan No_genomic_loci  No hit No hit
GGNI100* EU240315 3 78 CD 18S rRNA Intronic chr7 21747676 21747750 — 85.40%
GGN71*  EU240287 1 77 CD 18S rRNA Intronic chr5 61606460 61606536 — 85.80%
GGNI107* EU240321 6 68 CD 28S rRNA  Intronic chr8 3321788 3321851 — 87.50%
GGN52*  EU240268 1 66 CD 18S rRNA Intronic chr8 3323611 3323676 — 87.90%
GGN34"  EU240252 1 66 CD 28S rRNA  Intronic chr2 121527086 121527152 — 88.20%
GGNI108" EU240322 2 99 CD 28S rRNA  Intronic chr8 17728445 17728543 + 91.00%
GGN80*  EU240296 4 32 CD 18S rRNA  Intronic chrl7 6882327 6882410 + 95.90%
GGNB82*  EU240298 2 67 CD 18S rRNA Intronic chrl9 7185695 7185736 + 97.50%
GGNI17*  EU240236 1 70 CD 28S rRNA Intronic No hit No hit
GGN79 EU240295 3 133 HACA Orphan Intronic chrl5 7584209 7584339 — 86.30%
GGNI126  EU240339 1 123 HACA Orphan Intergenic chr5 9310745 9310867 + 87.90%
GGNT72 EU240288 5 129 HACA Orphan Intronic chrl 80099319 80099434 + 90.60%
GGN87 EU240303 3 130 HACA Orphan Intergenic chr23 92846 92969 — 92.40%
GGNS8 EU240274 1 134 HACA Orphan Intergenic No hit No hit
GGNS56 EU240272 2 135 HACA Orphan Intronic No hit No hit
GGN32*  EU240250 1 136 HACA 28S rRNA Intergenic chrl 57671975 57672107 + 90.00%
GGNI123" EU240336 5 130 HACA 18S rRNA  Intronic No hit No hit
GGN74*  EU240290 2 137 HACA 28S rRNA Intronic No hit No hit
GGNI103  EU240318 4 122 snRNA Intergenic No hit No hit
GGNI141  EU240348 1 123 Unclassified Intergenic chrl 80104054 80104169 + 83.70%
GGN67*  EU240283 2 69 Unclassified Intronic chrl 90202832 90202890 + 88.20%
GGNI136  EU240344 1 115 Unclassified Intergenic chr20 6905097 6905198 — 90.90%
GGNI105  EU240320 3 62 Unclassified Intronic chr8 3324079 3324144— 91.70%
GGNG68 EU240284 1 227 Unclassified Intronic LGE22 223377 223624— 92.40%
GGN46*  EU240262 1 76 Unclassified Intronic chrlA 50331437 50331502+ 100%
GGN46"  EU240262 1 76 Unclassified Intronic chrlA 50337731 50337796 + 100%
GGN147  EU240351 1 96 Unclassified Intronic No hit No hit
GGNI16 EU240235 1 56 Unclassified Intronic No hit No hit
GGN39 EU240256 1 67 Unclassified Intronic No hit No hit

“ncRNAs independently predicted by Qu’s group (23).

We further searched for homologs of 35 novel ncRNA
candidates in the recently released =zebra finch
(Taeniopygia guttata) genome. Twenty one of the novel
transcripts have homologs in the zebra finch with
sequence identity above 85%, whereas the remaining 14
ncRNAs had no hits in the current version of the zebra
finch genome (Table 1). Although this may be due to the
incomplete genomic sequence available for the zebra finch
it is also possible that some of these ncRNAs are specific
to chicken.

Host gene analysis of intron-encoded snoRNAs

Of the 102 snoRNAs, 89 were encoded by intronic regions
of protein-coding genes and 11 were located in intergenic
regions (Table 2). For two of the snoRNA transcripts no
genomic loci could be found in the current version of the
chicken genome sequence. The 11 non-intronic snoRNAs
appear all to be unique transcriptional units. For the
intronic snoRNAs, we found 12 protein-coding genes
each hosting two intronic snoRNAs, two genes hosting
three snoRNAs and two genes hosting four snoRNAs
(Supplementary Data file 2). Only in two cases, a single

intron encodes the two ncRNA loci, and in both cases the
two loci within the same intron encoded identical ncRNA
transcripts (Supplementary Figure S3).

We performed functional analysis of the snoRNA host
genes based on Gene Ontology annotations. Host genes of
both C/D box and H/ACA box snoRNAs were enriched
with functional annotation relating to ribosome
biogenesis, translation and cellular protein metabolic
processes. We also found that host genes of both C/D
box and H/ACA box snoRNAs were enriched for some
other functions, including initiation of DNA duplication,
protein transportation, regulation of translation initiation,
regulation of cell cycle and other processes (Figure 4A and
Supplementary Figure S4).

To further explore the possible coordinated expression
pattern between intronic snoRNAs and their host genes,
we examined the expression of snoRNA host genes using
our recently published Affymetrix microarray data (48).
RNA samples from chicken skeletal muscle tissues at 1
day, or 2, 4, 6 and 8 weeks after hatching were used for
the array analysis. The results show that in general, the
expression of snoRNA host genes did not vary much
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Figure 2. Tissue expression pattern of 35 novel ncRNA candidates. The expression pattern of 35 novel ncRNA candidates was examined by
northern blot analysis of total RNA from chicken heart, liver, lung, spleen, kidney, intestine, skeletal muscles and brain. Total RNA from
human and mouse skeletal muscle were included in each blot in order to test for possible expression of the ncRNA candidates in different
species. The ncRNA candidates are labeled as GgnX_class_size on the left of each northern blot. (For example: Ggn37_CD_70 nt means Ggn37
is a predicted C/D box snoRNA with length 70 nt. “Un’ denotes ‘unclassified’.) Asterisks indicate that ncRNAs were independently predicted by Qu’s

group (23).

across the examined developmental stages, and that
genes with ribosome related functions had least variation
in expression (Figure 4B). Host genes with functions
related to cell cycle and apoptosis showed the
most variable expression across developmental stages
(Figure 4B). Correspondingly, snoRNAs encoded in
intronic regions of ribosome related genes also exhibited
constant expression across different developmental stages,
whereas snoRNAs hosted by non-ribosome related genes
showed variable expression levels during postnatal
development (Supplementary Figure S5). It is worth
noting that snoRNA host genes with ribosome and
translation related functions had much higher expression
levels than the average coding gene expression, whereas
the expression levels of host genes with other known
functions were relatively low (Figure 4C). Similarly, such
expression discrepancy also observed in the expression
pattern of snoRNAs during chicken muscle development
(Supplementary Figure S5).

Tissue and developmental stage-specific expression of
chicken ncRNAs

The ncRNA expression patterns may yield important
clues to their functions. Thus, we investigated the
expression of ncRNAs in various chicken tissues,
including heart, liver, lung, spleen, kidney, intestine,
brain and skeletal muscle. All examined ncRNAs were

detected by northern blot analysis (Supplementary
Figure S1). Unlike snRNAs and Y-RNAs, which showed
constant expression levels across all examined tissues, some
of the snoRNAs tended to have lower expression in brain,
muscle and heart than in other tissues (Figure S5A).
Interestingly, we found that one of the unclassified
ncRNA (Ggn39) was only expressed in the chicken heart
and skeletal muscle (Figure 5A). To look at the possible
functional roles of the ncRNAs during skeletal muscle
development, we examined the expression pattern of
these ncRNAs in chicken skeletal muscle tissues at different
developmental stages by northern blot analysis. Our
results showed that several of the snoRNAs had
developmentally regulated expression patterns (Figure 5B
and Supplementary Figure S5). For example, snoRNAs
Ggn74, Ggn3 and Ggn7 were highly expressed during
embryonic development, whereas snoRNA Ggn5 was
more abundantly expressed after hatch (Figure 5B).
Ggn39, which is specifically expressed in skeletal muscle
and heart, was predominantly expressed at the post-
hatching stages (Figure 5B), suggesting that this
unclassified ncRNA might have specific functions in
myogenesis during postnatal development.

To further investigate the possible involvement
of ncRNAs in chicken myogenesis, we analyzed
the expression pattern of the 105 ncRNAs in the
skeletal muscle tissues of two chicken lines with divergent
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Figure 3. Comparative genomics analysis of 125 chicken ncRNAs. (A) Heatmap of the conservations scores of 125 chicken ncRNAs in 18 vertebrate
genomes. The conservation degree decreases as color changes from green to red. The ncRNAs were hierarchically clustered based on the conservation
scores in the 18 genomes. (B) Representatives of ncRNAs from each of the seven clusters. (C) Representatives of conserved ncRNAs. The identity of
each ncRNA is shown on the left of each blot. The tested chicken tissues are indicated on the upper of the figure. Human and mouse total RNA
samples used in the experiments are as described in Figure 2. (D) Representatives of less conserved ncRNAs. The U5 snRNA was included as a

loading control.

muscle growth rates (fast growing ‘broiler’ chicken for
meat production and slow growing ‘layer’ chicken for
egg production). We found that several ncRNAs were
differentially expressed in skeletal muscle tissues between
broilers and layers. The expression levels of Ggn68, Ggn91
and Ggn89 were significantly higher in layers than in

broilers at post-hatching 2 and 4 weeks (Figure 5C),
whereas Ggn44, Ggn4 and Ggn29 showed higher
expression in broilers than in layers (Figure 5D). The
differential expression patterns of these ncRNAs suggest
that they may be important regulators for the divergent
muscle growth phenotype of broilers and layers.
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Table 2. Eleven snoRNAs with intergenic loci

Ggn_ID GenBank_ID Annotation Reads_no Length

Sequences

Ggn29  EU240247 ENSGALT00000042330 1 143
:SCARNA3

Ggnl19* EU240332 RF01225:ACA64 1 134

Ggn38  EU240255 ENSGALT00000042195 1 72
:SNORD100

Ggnll  EU240230 Predicted CD box snoRNA 2 85

Ggnl38 EU240346 Predicted CD box snoRNA 1 58

Ggn20  EU240238 Predicted CD box snoRNA 1 61

Ggn37  EU240254 Predicted CD box snoRNA 1 70

Ggn86  EU240302 Predicted CD box snoRNA 9 96

Ggns58  EU240274 Predicted HACA box 11 134
snoRNA

Ggn87  EU240303 Predicted HACA box 3 130
snoRNA

Ggnl26 EU240339 Predicted HACA box 1 123
snoRNA

CTGGAAGCTGTTGGGACCAGTTGGGACCGGTGGTGGGCAA
AACAAGTGTTTTGTCCACTCTTGCAGTCTTCCTAGAGT
AAAGTGGAGGTCTCTGTCTGCTTTAGGAGAGCCAACT
AAACTGGATCGTTCCCCTCCATACATGT

TTGGCACAGTCTGAAAATCACCTGCGGTCTCCCGTGGCCCC
CGGTGAGATAACCGTGCCGACAGCATAGGGAACATCA
AAGCTTATTGCCCACGGTGACAGTGTGTGGGGAGTGA
AACCCGTGTTCCCATAACC

ATGAAAATTTGGCTCCCTCTACTGAAACAAATGAGGAGAAC
TGCCTTAATCGTTACCCAAATCTTCTGAGAT

TGCTCAATGATGATCATCCTCCTTTGATTACCTGGTGAGGT
AATATGAGAGGACATGGAATAATTTCACCGGCGAAC
TGAGAGCA

AGTGCAGTGATCATAAACCAAAGCTGAACATGGAGCTCAGT
GTGGTTTATTGTAGAGG

GCTGGTGATGAGATAGTTATCCCTGTCCGAAACGTTCCTCTG
TGGAAGCGTGACTCTGAGG

CGTCCGATGATGAACCTCAATGCTGTTCACATCCTGACACGC
CGTGACGAGCGCTGTCGAGCTGAGGACG

CGATCCTTCCGGTTCATAGCAAATGATGAATGGGAGTTGCAC
GCGGCTGCGTGACGTGTGCGCCCTTTGTTACGACGTGC
ACAGCCCCTTCTGAGC

CATGCCCCAGTCGTGTTGCAGATATGGCTGTAGTGCCATGTT
TGTGTCATTAGGTGGCAGAAAGGAAAAGGCTGTGTCTT
TGCTAATGCTCTGAAACCGGTGAGCACTCAGGAATGAC
TAGCAACCTGACAAAT

CTGCATGTTAATCCAAGAGCTGTGGCTCTGACGTAGCTGC
AGGTCTCCAACAACATGCAAGAGCAACGGGAAGGTCT
TTGACTGCTCGGCCTCTTCTGCCTGTTGCTGTCACTCAC
CCCTCCTATATATT

GGCTCGCGCAATTCCAAACCTGACAGTGGTTCTGGTTTGCT
GTCAGCCTCATAGAGCAAAAGCGAGGGTTTATTCACT
GAAAAGGTGAAGCCGTTTCCTTTTTTCCTTGCCTCCC
TCACACTC

“Independently predicted by Qu’s group (23).

Ggn39 is generated from the pfkm gene in a
splicing-dependent manner

Mapping the novel transcripts to the chicken genome
showed that Ggn39 is located in the second intron of the
phosphofructokinase M (pfkm) gene (Figure 6A). The size
of this intron is 68 nt, whereas the cloned Ggn39 transcript
is 67 nt long corresponding to 1-67 bp of intron sequence.
Northern blot analysis showed that Ggn39 and its host
gene pfkm were specifically detected in skeletal and heart
muscle tissues, and are most abundantly expressed
during postnatal myogenesis (Figure 6B). The similarity
in spatio-temporal expression-patterns of the ncRNA and
host gene loci suggests that Ggn39 may be generated by
intron splicing from the pfkm pre-mRNA. We tested this
possibility by transfecting the chicken myoblasts with a
wild-type pfkm minigene (pcDNA3-pfkm) comprising
exons 1, 2, 3 and introns 1, 2 and the first 37bp of
intron 3, and a mutant pfkm minigene containing a
mutation in the 5 splicing site (GT to CT) of the second
intron (pcDNA3-pfkm-mutant) (Figure 6C). Northern
blot analysis demonstrated that the Ggn39 ncRNA
was only detected in the myoblasts transfected with the

wild-type minigene but not in myoblast transfected with
the mutant construct (Figure 6D), suggesting that Ggn39
is generated in a splicing-dependent manner.

DISCUSSION

Increasing numbers of ncRNAs are being identified from
various model organisms by experimental RNomics
combined with bioinformatics analyses (49,50). Herein,
we have performed the first systematic profiling of the
chicken intermediate size ncRNA transcriptome by exper-
imental RNomics, and cloned 125 chicken ncRNAs. Com-
parative genomic analysis with blast against 18 sequenced
vertebrate genomes showed that only a few (5 out of 35) of
the novel ncRNAs have homologs in non-avian ver-
tebrates, and the remaining novel ncRNAs are likely to
be specific to the bird or chicken lineages. Our findings are
in line with recent studies on other species. Computer
analysis of genomic tiling array data revealed 300
putative candidates for primate specific ncRNAs (51).
Unclassified novel ncRNAs often show little sequence
conservation and low cellular concentrations (30). Less
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Figure 5. Spatio-temporal ncRNA expression. (A) Tissue-specific ncRNA expression. (B) ncRNAs with developmentally regulated expression in
chicken muscle tissues. The tested samples were from Pectoralis major muscles at different developmental stages of broiler (B) and layer (L) chickens,
including embryonic Days 12, 16, 18 (E12B, E12L, E16B, E16L, E18B, EI8L) and 2 and 4 weeks after hatch 2WB, 2WL, 4WB, 4WL). (C) Three
ncRNAs with higher expression level in skeletal muscle of layer (L) than of broiler (B). (D) Three ncRNAs with higher expression level in skeletal

muscle of broiler (B) than of layer (L).

conserved ncRNAs might be important factors in animal
development (8), and a remaining challenge for a better
understanding of ncRNA function is therefore the
detection of less conserved, low abundance ncRNAs in
different organisms. Together with previous reports, the
identification of chicken specific ncRNAs indicated that
there may exist numerous types of ncRNAs that are
specific to a linecage or even a single species.

It has been reported that a majority of the identified
vertebrate snoRNAs are encoded in introns of protein-
coding genes whose functions are mostly related to
synthesis, structure or function of the translational
apparatus (36). This mode of gene organization and
expression provides a molecular basis for functional
prediction for recently discovered ncRNAs. Similar
analyses have been proved invaluable for predicting the
functional roles of miRNAs host genes (52). In this study,
we have sought to combine GO annotation on host gene
function and cellular localizations with experimentally
validated expression profiles of snoRNA host genes
to predict possible functions of the intronic snoRNAs.
We have found that snoRNA host genes encode proteins
with a broad spectrum of biological roles ranging from
DNA duplication initiation, protein transportation,
translation initiation, regulation of cell cycle and other
developmental processes. Our results indicate that the
host genes of H/ACA have a broader spectrum of
cellular locations than do host genes of C/D box

snoRNAs, suggesting that H/ACA and C/D box
snoRNAs may function in different cellular processes.
This observation was further supported by the microarray
data on host gene expression during skeletal muscle
development. snoRNA host genes with functions related
to ribosome biogenesis and translation were much more
abundantly expressed during myogenesis than host genes
with other functions (such as cell cycle and apoptosis),
which showed lower and more variable expression across
the developmental stages. Our findings could provide
information for further studies of the functions of
snoRNAs from host genes with different biological
functions, as well as for the study of the functional and
regulatory coordination between snoRNAs and their host
genes during development.

The spatio-temporally regulated expression patterns
of the novel ncRNAs provide further functional informa-
tion about the role of these ncRNAs during development.
It is well accepted that some ncRNAs, especially some
microRNAs and piRNAs, have specific spatio-temporal
expression patterns and play functional roles in cell
differentiation and organogenesis during development.
For instance, miRNAs with muscle-specific expression
are involved in development and disease of the skeletal
and heart muscle (53,54). In general, the spatio-temporally
regulated expression of other classes of ncRNAs,
particularly the unclassified ncRNAs, has been less well
explored. We investigated this question by northern blot
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Figure 6. Ggn39 is generated in a splicing-dependent manner. (A) The genomic organization of Ggn39. Boxes and lines represent exons (E1-E9) and
introns (1-8), respectively, of the pfkm gene. (B) The spatio-temporal expression pattern of Ggn39 and its host gene pfkm. The expression patterns of
Ggn39 and pfkm were examined by northern blot analysis of total RNA from chicken tissues. The corresponding antisense RNA labeled with DIG-
11-UTP were used as probes. U6 snRNA was used as loading control. (C) Schematic structure of the pfkm minigene and the second intron 5" splicing
site mutant. (D) The biogenesis of Ggn39 is dependent on splicing of the second intron of the pfkm gene. Chicken primary myoblasts were
transfected with wild-type (WT) and mutant (MT) pfkm minigenes. GFP denotes pcDNA3-EGFP that served as transfection control. Northern
blot analysis was performed on total RNAs prepared from the transfected cells. As the Ggn39 is highly expressed in skeletal muscle, chicken skeletal
muscle RNA was used as positive control for the northern blot experiments.

analysis of a substantial number of the ncRNAs identified
in the present work. Our data showed that the majority
of the novel ncRNAs exhibited ubiquitous tissue dis-
tribution; some were abundantly expressed only in a few
tissues. Most interestingly, we found that one of the
unclassified ncRNAs (Ggn39) was generated from the
second intron of pfkm gene in a splicing-dependent
manner, and that Ggn39 ncRNA, like its host gene
pfkm, showed specific expression in the chicken heart
and skeletal muscle cells, especially during postnatal
development. As a key enzyme in the glucose metabolism,
PFKM plays important roles in the metabolism and
development of skeletal muscle (55). The coordinated
expression pattern of Ggn39 and its host gene suggests a
functional correlation between Ggn39 and PFKM which
may provides useful information for further studies of the
metabolic and developmental functions of Ggn39 and its
host gene pfkm.

Recently, brain-specific snoRNAs have been implicated
in brain development and neurological disease (41,56,57).

In chicken we identified an H/ACA-box snoRNA
(Ggnl146) encoded in the intron of the chicken ortholog
of the Williams Beuren syndrome chromosome region 22
gene. Since Williams Beuren syndrome is caused by
microdeletion within the syntenic region containing this
gene in human (58), it is an intriguing possibility that an
ortholog of Ggnl46 may also be involved in the
pathogenesis of the Williams Beuren syndrome in
human. The broiler and layer chickens are an excellent
model systems for the study of molecular mechanisms
involved in skeletal muscle development because of their
significant muscle growth differences during myogenesis.
Up to now, the molecular genetics underlying the
divergent muscle growth rate between broilers and layers
have remained unclear. Similar to muscle-specific
miRNAs (e.g. miRNA-1), ncRNAs that are differentially
expressed in skeletal muscle tissues between broiler
and layer chickens might function as muscle growth
regulators. Identification of these ncRNAs could
facilitate ncRNA functional studies and provide essential
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information for a better understanding of the functional
roles of ncRNAs during development.
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