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Summary

The common carp is a candidate model system for immunology research. Using next-
generation sequencing technology, we have generated a huge amount of sequence reads
from the carp genome and transcriptome. Currently, our aim is to identify carp genes
involved in the development of the innate immune response, particularly TIR domain-
containing genes, from a preliminary genome assembly. To achieve this, we developed a
comprehensive gene identification pipeline. This analysis allowed us to estimate that the
carp has 39 TIR domain-containing transcript isoforms and genes.

1 Introduction

Common carp (Cyprinus carpio) is one of the most important freshwater cultured fish species
that has been widely used in fish biology research [1]. A single female is capable of producing
up to a few hundred thousand eggs that can be efficiently fertilized in vitro. Since the innate
immune response is already active in developing embryos, common carp can be a relevant
model for studying its mechanisms. The innate immune response is the first line of defence
against infectious diseases and cancer by identifying and killing pathogens and detrimental
cells, and relies heavily on signalling by pattern recognition receptors. The best-studied pattern
recognition receptors of the vertebrate innate immune system are the Toll-like receptors (TLRs).
All the TLRs, some Interleukin receptors (IL-Rs) and downstream adaptor proteins contain a
Toll/Interleukin-1 receptors (TIR) domain, a highly conserved functional unit mediating the
protein-protein interactions between the receptors and the adaptors.

TIR domain-containing genes therefore play important roles in immunity signalling pathways.
In zebrafish (Danio rerio), this gene-family has been studied using microarray technology [2].
However, microarrays have a number of shortcomings, i.e. low sensitivity and specificity, low
consistency across platforms, and, above all, they rely on a fixed definition of the transcriptome
for their design.
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Table 1: The genomic reads and RNA reads generated from homozygous carp using Illumina
sequencing.

Dataset 1: gDNA, homozygous carp

Library size Lanes Read length (bp) Size (GB)

Paired-end 200 bp 6 76 40

Dataset 2: RNA-Seq

Lanes Read length (bp) Size (GB)

Single-end Embryo, wt 1 51 2.6
Single-end Embryo, infected 1 51 2.6
Single-end Adult, wt 1 51 2.7
Single-end Adult, infected 1 51 3.1

Next-generation sequencing (NGS) is a recently developed, high-throughput sequencing tech-
nology, which produce millions of sequence reads in a few days at a low cost and without
the need for a priori knowledge of the sequences [3]. Applying such technology to the entire
genome of a particular organism is referred to as whole-genome sequencing. Another applica-
tion, RNA-Seq, is to sequence cDNA for transcriptome profiling. In comparison to microarrays,
RNA-Seq has a much higher dynamic range, base-level resolution, richer splicing information
and the ability to detect previously unknown transcripts.

Our ultimate goal is to study how the expression of the innate immune response genes changes
upon pathogen infection using NGS. Since common carp is not a model system and no reference
genome assembly is available, both the whole carp genome and several transcriptomes are
sequenced. As a pilot study, we focus on discovering the main group of innate immune gene,
i.e. the TIR domain-containing genes.

In this paper, we present a gene identification strategy that integrates whole genome sequenc-
ing data, RNA-Seq data and relevant data obtained from public databases in order to identify
TIR domain-containing genes and transcripts in carp. With limited data available, different
data sources and methods are compared and integrated in order to maximize the likelihood of
detecting the target sequences.

2 Methodology

The genome of a fully homozygous common carp, obtained in a single generation without
inbreeding [1], was sequenced using Illumina Genome Analyzer IIx. We generated a paired-
end sequencing library with insert sizes of about 200 base pairs (bp), from which approximately
24.5 Gbp of usable sequences with a read length of 76 bp was obtained. We also sequenced the
total mature messenger RNAs of common carp at different developing stages and conditions.
Four mRNAs samples, wild-type carp and carp infected with the Mycobacterium marinum
pathogen, both at embryonic and adult stages, were extracted. For each sample, an RNA-Seq
sequencing library was constructed from which single 51 bp reads were sequenced. Details of
all the data sets are listed in Table 1.
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Adaptor removal

Trim low quality bases

Bridge paired-end reads

CLC Bio

Figure 1: Genome assembly pipeline

2.1 Genome assembly strategy

In the absence of a carp reference genome, the first task is to generate a genome assembly.
The strategy of the carp genome assembly is illustrated in Figure 1. First all the raw reads are
filtered by quality control criteria and further pre-assembled in the preprocessing stage. Three
de novo assemblers are applied to the high-quality reads, and the results are evaluated in order
to achieve the best assembly. Finally, CLCBio has been chosen as the final tool.

The raw reads generated from the Illumina sequencer included base-calling errors and adapter
contamination. It has been found that the Illumina sequencing quality decreases at the end
of the read [4]. Adapter contamination is mainly caused by insert sizes smaller than the read
length. Therefore, adapter sequence longer than 6 nucleotides were removed from individual
reads, and low quality nucleotides or reads were discarded.

We then merged the remaining paired-end reads into a longer single-end read if they had 7
overlapping nucleotides. Pairs were not collapsed into longer reads if repetitive sequences
within them tended to create ambiguous connections. This preassembly procedure produces
long reads which will not only potentially improve the efficiency and quality of the assembly,
but also provide confirmation for the quality of the 3’ end of the reads. After the preprocessing,
3.5% of nucleotides are discarded and 69.9% of pairs are merged.

Subsequently, we assembled the high quality and merged genomic DNA reads using three de
novo assemblers: ABySS [5], CLCBio [6] and SOAPdenovo [7]. After a series of testing,
CLCBio was chosen as the final tool to generate the carp genome assembly (see Supplementary
Table 1). CLCBio is a commercial software product in which the assembly strategy is based on
the de Bruijn graph theory. A de Bruijn graph is a directed graph representing overlaps between
sequences of symbols [8]. Basically, in the graph, short reads are broken into smaller sequences
of DNA, called k-mers. Each node represents a k-mer nucleotides; an edge exists only if the
adjacent nodes are overlapped by k-1 nucleotides. Extracted contiguous sequences are repre-
sented by unambiguous paths through the nodes. An advantage of the CLCBio assembler is
that it can tune and optimize the parameter k automatically [6].
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Figure 2: TIR containing gene annotation pipeline. Two version of carp TIR gene sequences
(abbreviated as cTIR genes v1 and cTIR genes v2) derived from different methods are compared
and further integrated to construct the final TIR genes.

2.2 Annotation strategy

Animal genome assemblies based on NGS data only are generally highly fragmented, and
most contigs will not include entire genes. We therefore developed an integrative strategy to
maximize the probability of identification of TIR containing genes and transcripts.

Firstly the RNA-Seq reads from all the samples were pooled and assembled using the CLCBio
de novo assembler. The resulting RNA contigs were used as potential gene product fragments.
These sequences were then translated to protein sequences using the ESTScan algorithm [9].
Thereafter, the protein sequences obtained were searched for the TIR domain found in Interpro
[10] using the HMMsearch algorithm [11].

In terms of evolution, the zebrafish is close to the common carp (both are cyprinids) and the
zebrafish genome is relatively well covered and annotated in the Ensembl database [12]. There-
fore we used this genome to facilitate the annotation of the carp TIR containing genes. The
zebrafish TIR containing proteins found in Ensembl are BLASTed against the carp peptides
obtained from the RNA-Seq contigs resulting in putative carp TIR proteins, allowing us to
identify potentially new carp TIR transcripts. Since the obtained genome assembly is frag-
mented, the transcript and protein sequences can be used to bridge fragmented DNA contigs.
To achieve this, the candidate TIR transcript and protein sequences were further mapped to
the carp genomic contigs using TBlastN [13] and BLAT [14]. The DNA contigs identified are
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Table 2: List of Carp genome assemblies produced by the CLCBio assembler using different
parameters.

Assembly k n n:N50 median mean N50 max sum

CLCBio - preprocessing 25 1637271 250045 384 735 1409 17597 1.20E+09
CLCBio - preprocessing 27 1847118 - - 680 1389 18684 1.26E+09

CLCBio + preprocessing 25 1086163 159656 587 1135 2260 26293 1.23E+09

connected using a number of ’N’ as gap sequences and finally result an alternative set of carp
TIR genes for comparison. The entire pipeline is shown in the Figure 21.

3 Results

3.1 Carp genome assembly

We ran the CLCBio de novo assembler on both the raw genomic reads and the reads after pre-
processing. The optimal value for parameter k was automatically determined to be 25. An as-
sembly with a manually adjusted k-mer of 27 yielded shorter contigs (lower N50 value showed
in Table 2). N50 is defined as the length N for which 50% of all nucleotides in the contigs are
in a length of at least N nucleotides long. It is a useful heuristic for measuring the quality of
an assembly: a higher N50 corresponds to a more contiguous assembly. As illustrated in the
table, the N50 increased from 1409 to 2260 after the preprocessing step, a 60% improvement
compared to the assembly derived from the raw data. This result shows that the preprocessing
is a crucial step that makes a huge difference for the final assembly.

In order to determine whether the current genomic sequencing data is sufficient to generate a
reasonably good assembly, we analysed the dependency of the number and total size of contigs
on sequencing depth. Lower sequencing depth is simulated by taking subsets of the sequencing
data. In Figure 3 (left scale and the solid black line), it shows how the number of contigs
depends on sequencing depth. The number of contigs first increases as most contigs only
consist of one single read. As the number of reads increases, the chance that reads will overlap
to form longer contigs increases. After a certain point, the increase in the number of of reads
number leads to a decrease in the number of contigs. This trend in general corresponds with
our expectations, however, this figure also shows that there are still lots of contigs in the final
assembly. The dotted red line in Figure 3 illustrates that the size of the assembly almost reached
the saturation status. These observations support the conclusion that the current sequencing data
is sufficient to cover the whole carp genome, although the assembly remains fragmented.

To identify expressed sequences, an assembly of the RNA-Seq data was performed. Using the
CLCBio assembler, we were able to achieve RNA contigs from RNA-Seq data with a total size
of 71.6 Mbp and an N50 of 255 bp. Integrating RNA contigs with the existing EST and mRNA
sequences from GenBank, we obtained an RNA assembly with an N50 contig length of 896 bp
and 18.1 Mbp in total size.

1c, z and v are the abbreviations of carp, zebrafish and version in the Figure 2
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Figure 3: The dependency of the number and total size of contigs on sequencing depth which is
represented by different subsets of the read data size. It shows how the number of contigs (solid
line and left scale) and assembly size (dotted line and right scale) change with the data size in
different assemblers.

3.2 TIR containing genes and products

The search for zebrafish TIR genes allowed us to identify characteristics of the gene structures
and protein domain structures which will help us to annotate the corresponding genes in the
carp genome. We retrieved 35 TIR proteins and 33 TIR domain-containing genes in zebrafish
from Ensembl and found that out of 33 zebrafish TIR genes, 16 are single-exon genes, 15 genes
contain multiple exons and two gene structures are missing from Ensembl. The structures of
zebrafish TIR domain-containing genes are displayed in Figure 4.

We were thus able to compare the carp RNA contigs to the zebrafish TIR containing proteins,
as well as employ their translated sequences to BLAST the carp genome assembly in order to
identify potentially fragmented DNA contigs. By setting the cut-off E=1e-05, we discovered
39 carp TIR protein contigs similar to 34 zebrafish TIR RNA sequences as shown in the Sup-
plementary Table 2. Both the protein and derived RNA sequences are further used to discover
TIR genomic sequences.

Using protein or RNA contigs as references, we can create longer DNA scaffolds with unknown
gap sizes, which can hopefully contribute in obtaining a complete gene model. RNA sequences
can be more diverse than DNA due to the alternative splicing, which will increase the probabil-
ity of connecting the DNA contigs in the wrong order. However, considering the zebrafish TIR
containing genes, this is unlikely to present a major problem in assembling this class of genes:
half of these genes contain only one exon which cannot lead to alternative splicing, and the
ratio of genes to known proteins is close to one (35 TIR-containing proteins derived from 33
TIR genes). Even if alternative splicing events do exist, as long as they do not happen between
the joined contigs, the right order of contigs can still be obtained.
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Figure 4: Gene structures of 31 zebrafish TIR domain-containing genes.

Using 39 TIR proteins and RNAs, we finally generated two versions of TIR gene sequences
noted as cTIR genes v1 and cTIR genes v2 in Figure 2. All the BLAT and BLAST results
are visualised using Bioperl scripts. In Figure 5, the comparison of the protein sequence
est contig 6303 (5a) and RNA contig est contig 6303 (5b) mapping to the carp genome is
shown as an example. In the figures, the first line with scale represents the reference and the
bars represent the hits which are the DNA contigs in this case. When having the multiple hits,
the hits are sorted by the alignment scores descend from up to down (the contigs in the upper-
most within a region resemble the reference the most). Only the most likely contigs are used
to construct the reference. In Figure 5a, DNA contigs (No. 287495, 843380, 711550, 990690
and 627876) can be joined together as a scaffold; in Figure 5b, it shows not only the previous
5 DNA contigs but also DNA contig No. 606267 and 943266 can be bridged. We also found
that the connected DNA contigs are largely identical between the two versions of TIRs. Scaf-
folding genomic contigs by BLAT RNA contigs (version 2) against the genome performs better
than using protein sequences (version 1), since more DNA contigs can be joined and the RNA
sequences can be constructed from the DNA contigs without any missing sequences. In total,
162 genomic DNA contigs are scaffolded using 39 TIR transcript sequences.

4 Conclusions

We have generated a draft assembly for common carp with an N50 of 2260 bp and genome
size of 1.23 Gbp. Due to the fact that the assembly still contains many fragments, we could not
directly apply ab initio gene prediction methods for gene discovery. Therefore, we developed
an annotation pipeline which integrates whole-genome sequencing, RNA-Seq data and avail-
able zebrafish data to detect the TIR containing genes in carp. We identified 39 TIR domain-
containing transcripts. Using these transcripts as references, 162 DNA contigs are stitched
together in 39 DNA scaffolds. The extended genomic scaffolds are likely to contain entire cod-
ing sequence of genes. Considering the facts that the ratio of known TIR genes and proteins in
zebrafish is 33:35, and that half of these genes contains only a single exon (ruling out alterna-
tive splicing), a 1:1 ratio between TIR transcripts and genes in carp is a reasonable assumption.
We therefore propose that the common carp genome contains approximately 39 TIR containing
genes. The wet-lab experiments to validate this result are currently on the way.
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(a)

(b)

Figure 5: Using RNA and protein contigs to scaffold genomic contigs. Genomic contigs shown in
blue are aligned to protein contig 6303 (a) and RNA contig 6303 (b) depicted by the first line in
each panel. Hits in the same region are ordered by the mapped scores, with the best matches at
the top. Dotted lines indicate that the contigs can be joined with unknown gap size.

We found that when the data is limited, gene identification analysis is not straightforward. A
standard analysis usually consists of gene assembly (if necessary) and ab initio gene predic-
tion, often in combination with mapping of RNA reads to a well-assembled genome to discover
expressed sequences. In our study, we noticed that although the sequencing depth of genomic
and transcriptomic data was not sufficient to produce complete genome and transcriptome as-
semblies independently, these data are related and can be used as a complementary resource
to support each other’s assembly. Therefore, we developed a sophisticated gene identification
analysis that integrates different data sources and types to maximize the probability of detect-
ing the target genes. We first assemble the carp genome. Lacking long libraries for scaffolding,
RNA-Seq data is used for scaffolding the DNA contigs. Finally, the TIR domain-containing
gene sequences in carp are captured by a comparative genomics analysis using zebrafish re-
sources.

However, only knowing the TIR containing gene sequences is not enough. An ab initio gene
prediction algorithm, e.g. AUGUSTUS [15], will be applied on these TIR sequences to further
define the gene structures such as the precise start and stop position of a gene and its exons.
After that, the TIR containing gene expression in different samples can be measured by map-
ping the RNA reads to the carp genome using tools such as TopHat [16] and/or Cufflinks [17].
In the future, with more and larger size libraries available, the carp genome assembly will be
further improved. The integration of more high-quality and heterogeneous data will therefore
facilitate gene identification process.
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Supplementary results

Supplementary Table 1: Carp genome assemblies produced by CLCBio, ABySS and SOAPdenovo.

n:N50 median(bp) mean(bp) N50(bp) max(bp) sum(bp)

CLCBio 159656 587 1135 2260 26293 1.23G
ABySS 515595 249 433 716 16601 1.29G

SOAPdenovo 500758 257 443 729 10342 1.27G

Supplementary Table 2: 35 TIR domain containing peptides in zebrafish. It is found that 34 out
of 35 have homologous sequences in carp. We did not find the homologous for i1lr1 gene which is
highlighted and showed in the last of the table.

Gene Transcript Name

ENSDARG00000010610 ENSDART00000004200 sarm1
ENSDARG00000010169 ENSDART00000011143 myd88
ENSDARG00000016065 ENSDART00000013021 tlr3
ENSDARG00000040249 ENSDART00000014310 -
ENSDARG00000022048 ENSDART00000034852 tlr4bb
ENSDARG00000026663 ENSDART00000036422 tlr19
ENSDARG00000069592 ENSDART00000044482 CR392351.1
ENSDARG00000037553 ENSDART00000054687 il1rapl2
ENSDARG00000037758 ENSDART00000055006 tlr2
ENSDARG00000058045 ENSDART00000060142 tlr21
ENSDARG00000041054 ENSDART00000060155 -
ENSDARG00000041164 ENSDART00000060337 si:dkey-193n17.7
ENSDARG00000042714 ENSDART00000062685 ticam1
ENSDARG00000043032 ENSDART00000063176 tlr1
ENSDARG00000044415 ENSDART00000065229 TLR5 (1 of 2)
ENSDARG00000044490 ENSDART00000065340 -
ENSDARG00000052322 ENSDART00000074153 tlr5b
ENSDARG00000062045 ENSDART00000089206 il1rapl1a
ENSDARG00000062204 ENSDART00000089680 sigirr
ENSDARG00000038843 ENSDART00000098676 -
ENSDARG00000038843 ENSDART00000098677 il17rd
ENSDARG00000068812 ENSDART00000099649 -
ENSDARG00000062045 ENSDART00000101171 il1rapl1a
ENSDARG00000031859 ENSDART00000101407 -
ENSDARG00000069593 ENSDART00000101409 si:dkey-100n23.2
ENSDARG00000070392 ENSDART00000103242 tlr19
ENSDARG00000075479 ENSDART00000108837 -
ENSDARG00000074371 ENSDART00000109673 tirap
ENSDARG00000078496 ENSDART00000110194 tlr8a
ENSDARG00000079621 ENSDART00000112641 -
ENSDARG00000078740 ENSDART00000112871 il1rapl1b
ENSDARG00000079737 ENSDART00000113028 -
ENSDARG00000075671 ENSDART00000113952 tlr4al
ENSDARG00000076245 ENSDART00000114883 -
ENSDARG00000068609 ENSDART00000099295 il1rl (no hits in carp)
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