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Abstract

The house sparrow (Passer domesticus) is an important model species in ecology and
evolution. However, until recently genomic resources for molecular ecological projects
have been lacking in this species. Here we present transcriptome sequencing data (RNA-
Seq) from three different house sparrow tissues (spleen, blood and bursa). These tissues
were specifically chosen to obtain a diverse representation of expressed genes and to
maximise the yield of immune-related gene functions. After de-novo assembly, 15,250
contigs were identified, representing sequence data from a total of 8,756 known avian
genes (as inferred from the closely related zebra finch). The transcriptome assembly
contain sequence data from nine manually annotated MHC genes, including an almost
complete MHC class | coding sequence. There were 407, 303 and 68 genes overexpressed
in spleen, blood and bursa, respectively. Gene ontology terms related to ribosomal
function were associated with overexpression in spleen and oxygen transport functions
with overexpression in blood. In addition to the transcript sequences, we provide 327
gene-linked microsatellites (SSRs) with sufficient flanking sequences for primer design,
and 3,177 single nucleotide polymorphisms (SNPs) within genes, that can be used in

follow-up molecular ecology studies of this ecological well-studied species.
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Introduction

The house sparrow (Passer domesticus) is one of the world’s most widespread and well-
known bird species. Originally inhabiting the Western Palearctic (Ericson et al. 1997), its
close proximity to humans enabled it to colonise all five continents, either by natural dispersal
or by human-mediated introductions, mainly in the nineteenth century, followed by rapid
range expansions (Anderson 2006). The aggregated, sedentary life style, close association
with human settlements and propensity to breed in nest boxes have made the house sparrow
an ideal model species for ecological studies. Research areas where studies on this species
have contributed significantly include behavioural ecology (Barnard 1980), sexual selection
(Mgller 1987), endocrinology (Hegner & Wingfield 1987), population biology (Summers-
Smith 1988), immunoecology (Gonzalez et al. 1999), physiology of plumage coloration
(Evans et al. 2000) and hybrid speciation (Hermansen et al. 2011). Long-term ecological
studies of wild house sparrow populations are currently being conducted on Lundy Island,
England (Griffith et al. 1999; Schroeder et al. 2013), in an island metapopulation off the coast
of Norway (Jensen et al. 2013; Jensen et al. 2004), at the University of Kentucky Agricultural
Experiment Station, Kentucky (Westneat et al. 2004; Westneat et al. 2011), near Norman,
Oklahoma (Mock et al. 2009; Schwagmeyer et al. 2002), around Veszprém, Hungary (Liker
& Bokony 2009) and at the Centre d’Etude Biologique de Chize” in France (Bonneaud et al.

2004a).

Although surveys of genetic variation have been a vital part of the research on house sparrows
since the dawn of ecological genetics (Cole & Parkin 1981; Wetton et al. 1987), even recent
genetic studies have mainly been limited to a small number of microsatellite markers (Garnier

et al. 2009; Griffith et al. 2007) or sequencing of specific candidate genes, for example MHC
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(Bonneaud et al. 2004b) and a few other immune-genes (Martin et al. 2011). Only very
recently have genomic resources such as SNP (single nucleotide polymorphisms) markers
(Hagen et al. 2013) become available. With the advent of massively parallel sequencing,
genomic data are now becoming available for a large number of species. In particular,
transcriptome sequencing (RNA-Seq; Mortazavi et al. 2008; Wang et al. 2009) is
revolutionising genetic studies of non-model organisms (Ekblom & Galindo 2011; Vera et al.
2008; Vijay et al. 2013). Transcriptome resources have already been developed for a number
of bird species including some work in the house sparrow (Hagen et al. 2013) and related
species (Balakrishnan et al. 2013; Peterson et al. 2012). Here, we aim to contribute to the
ongoing development of genomic resources in house sparrows (Hagen et al. 2013) by
sequencing the transcriptomes of several tissues in order to quantify tissue-specific expression

levels as well as identifying gene linked SNPs and microsatellites.

Much recent and current research on house sparrow is focused on immunoecology, in
particular the links between sexual selection and immune function (Evans et al. 2000;
Gonzalez et al. 1999). Genes involved in the immune system are often found to have evolved
rapidly, probably as a result of a host-pathogen co-evolutionary arms race (Axelsson et al.
2008; Ekblom et al. 2010b; Nielsen et al. 2005). The strong signs of selection, together with a
high degree of genetic variation in some immune genes, have made them an appropriate target
for studying functional genetic variation. Some of the genes of the major histocompatibility
complex (MHC), in particular, have been studied in many vertebrate species (Edwards &
Hedrick 1998; Piertney & Oliver 2006; Spurgin & Richardson 2010). Genetic variation in
MHC genes has also been investigated in various house sparrow populations (Bonneaud et al.

2004b; Borg et al. 2011). The MHC class | gene has been studied in particular detail, for



89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

example in relation to life history (Bonneaud et al. 2004a), immunocompetence (Bonneaud et
al. 2005), geographical genetic structure (Loiseau et al. 2009), avian malaria infection

(Loiseau et al. 2011) and molecular evolution (Karlsson & Westerdahl 2013).

In this study, we aim to describe gene expression in specific tissues in which immune-related
genes are known to be active. Blood includes transcriptionally active lymphocytes in which a
variety of immune functions are regulated. RNA-Seq of whole blood (as used here) or “buffy
coat” (the specific fraction of blood containing lymphocytes) should thus yield data on many
different immune genes. The identification of genes expressed in blood has an added value, as
this is the tissue that is most often routinely sampled during long-term field projects in birds
(McDonald & Griffith 2011). If the expression of interesting candidate genes can be captured
using this tissue this would then open up possibilities for large-scale transcriptomic studies of
traits such as behaviour and life-history variation in a wide variety of organisms. The spleen
functions as the main lymphoid organ, filtering out effete lymphocytes and erythrocytes, and
responding actively to blood borne antigens (Roitt 1997). The avian spleen also plays a major
role in the production, maturation and storage of lymphocytes (Smith & Hunt 2004). The
bursa (or Bursa of Fabricius) is a tissue type specific to birds and is responsible for the
maturation of b-cells (Click 1983; Glick et al. 1956), a function mainly performed by bone
marrow in mammals. It is only transcriptionally active during development and is degenerated
in adult birds. We included it in this study because it has previously been reported to be the

primary tissue of transcription for many immune related genes (Ekblom et al. 2010b).

Material and methods

Sampling and RNA extraction
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Whole blood (0.5 ml) and bursa samples came from one 9-day old chick and spleen was
sampled from one adult male obtained from a natural population in the vicinity of Sheffield,
England (ethical permission from Natural England, Licence number: 20092529). All samples
were placed in RNAlater (Ambion Inc.) immediately after euthanasia and tissue preparation.
RNA isolation was performed using TRIzol (Life Technologies) followed by cleaning with
the RNeasy kit (Qiagen). RNA integrity and quantity were checked with the Bioanalyser

RNA nano 6000 assay (Agilent Technologies).

cDNA synthesis

The MINT kit (Evrogen) was used for cDNA synthesis. A total of 1-2 ug RNA for each
cDNA preparation and 18 cycles in the amplification step were found to work optimally for
all samples. cDNA was normalised using the Trimmer kit (Evrogen) to remove excess
quantities of very highly expressed genes and to maximise the likelihood of detecting genes
with a low degree of expression. We have previously shown that cDNA samples can be
highly informative for the analysis of differential gene expression, despite such normalisation,

since much of the original variation in cDNA quantity still remains (Ekblom et al. 2012b).

Library preparation and sequencing

Five pg of each double-stranded cDNA sample was submitted to the Natural Environment
Research Council (NERC) Biomolecular Analysis Facility at the University of Liverpool for
sequencing. Library preparation and Roche 454 sequencing were performed according to the
manufacturer’s recommendations. Libraries for each tissue were individually tagged and

sequenced together on half a plate of the 454 FLX system (Roche).
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Transcriptome assembly and annotation

All raw sequencing reads were quality trimmed and filtered from adapter sequences, SMART
primers and poly-A-tails using the commercially available SeqMan software (Lasergene). All
reads with a trimmed length of less than 41 base pairs were discarded. The remaining reads
from all three tissues together were assembled de-novo using SeqMan NGen 2.0 (Lasergene).
Contigs were created if they included at least four reads. Reads remaining after contig
assembly were kept as “singletons”. In order to obtain gene expression levels for the different
tissues individually, the template assembly function in NGen 2.0 was then used to map all

reads from each tissue separately to the full transcriptome contig consensus sequence.

All contigs and singletons were annotated using blastn (Altschul et al. 1997), by matching the
sequences to the Ensembl (Flicek et al. 2013) zebra finch (Taeniopygia guttata) transcript
database (taeGut3.2.4, Ensembl database version 71.1) (Warren et al. 2010). An e-value cut
off of 1e-10 was applied and only the best hit of each query sequence was considered. The
total expression level for each gene and tissue was then calculated by counting all contig
reads and singletons from the given gene and tissue (often more than one contig and/or

singleton was annotated to the same gene).

We also specifically mined the house sparrow transcriptome data for 38 MHC genes that had
previously been characterised in zebra finch (Balakrishnan et al. 2010). We used tblastx
(Altschul et al. 1997), with an e-value cut-off of 1e-5, to identify MHC candidates in all
house sparrow contigs and singletons. These candidate sequences were then reciprocally
matched back against the zebra finch genome (using blastn) and cDNA database (using

tblastx), and only candidates with a best reciprocal blast against the target gene were
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annotated. The resulting sequences were then aligned against zebra finch and chicken
homologues using Clustal W (Thompson et al. 1994) and manually inspected in BioEdit 7.2.0

(Hall 1999).

Differential gene expression and gene ontology analysis

Differential gene expression analyses were performed using the edgeR, Bioconductor R
package (Gentleman et al. 2004; Robinson et al. 2010), applying the “TMM” normalisation
procedure to account for sequencing depth and between-sample differences in RNA
composition. Since we did not have any biological replicates, the common dispersion
parameter could not be reliably estimated from our data and significance testing could not be
performed. Instead we took the 5™ upper percentile of most differentially expressed genes for

each pairwise comparison as the basis for the functional analyses (see below).

Gene ontology (GO) enrichment analyses were performed for all differentially expressed
genes using the CORNA algorithm (Wu & Watson 2009), applied using the web interface
provided by Michael Watson at the Institute for Animal Health (http://www.ark-
genomics.org/tools/GOfinch). For each tissue, all genes found to be overexpressed in
comparison with either of the other two tissues were considered in these analyses. An
adjusted p-value of < 0.05 from the Fisher exact test was considered as significant and only

GO terms occurring more often than expected were extracted.

Identification of microsatellites and SNPs
All contigs and singletons (246,761 sequences in total) were searched for microsatellite

repeats (di- to hexa nucleotide repeats) using the software MsatCommander (Faircloth 2008).
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Primers were designed from flanking sequences using the Primer3 plugin (Rozen & Skaletsky

2000).

We identified SNPs in the transcriptome data using the software PanGEA (Kofler et al. 2009).
Alignments between all contigs and trimmed reads were performed using default settings with
the “homopolymer Smith—Waterman” algorithm. We searched for non-indel SNPs with
exactly two alleles, a minor allele count of at least two and a minimum alignment depth at the
SNP site of four reads. Only SNPs with a minimum distance of 50 bp from the alignment end
were extracted. Flanking sequences were extracted from the contig file using custom Perl and

R scripting.

Results

Sequencing results

In total, 447,967 transcriptome sequencing reads with a mean read length of 302.6 base pairs
were obtained for the three tissues (Table 1). Raw reads are available from NCBI-SRA
(project accession number SRP012188). After removal of adaptor-, primer- and poly-A-
sequences and quality trimming, 381,842 reads with a mean read length of 302.5 base pairs

remained. In this way, fifteen per cent of the raw data were trimmed away before assembly.

Transcriptome characterisation

The trimmed reads from all tissues combined were assembled de-novo into 15,250 contigs.
The complete sequences of all contigs are available in the supplementary material (in fasta
format). The length of the contigs varied between 41 and 2,462 base pairs (Figure 1), with a

total contig length of 8.4 Mbp. In total, 150,331 of the reads were included in the assembly
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while the rest were kept as singletons. The mean number of reads per contig was 9.9 (range

4-3,302).

Annotation using information from zebra finch (taeGut3.2.1) gave significant hits on 8,756
known genes. This represents half of all the transcripts included in the zebra finch gene build
used in the annotation process (Warren et al. 2010). Of these, 844 genes were covered by
more than one contig, indicating some degree of fragmentation of the transcript assembly.
The coverage was in the same order of magnitude for all tissues, but in the spleen, sampled
from the adult bird, about 35% more genes were found than in the other two tissues (both
sampled from a nestling). In total, 5,932 genes were expressed in spleen, 4,425 in blood and
4,233 in bursa (Figure 2a). When lowly expressed genes (fewer than five reads) were
discarded, the proportions stayed the same, with 3,115 genes for spleen, 2,390 for blood and

2,390 for bursa (Figure 2b).

Annotation of MHC genes

We manually annotated transcriptome sequence data from nine MHC genes (B2M, CD1A,
CHTA, MHC Class I, MHC class I1B, i (CD74), Trim7.2, TAP1 and B.NK). The sequences of
these are available in the Supplementary material. Of these, CD1A and CD74 showed
evidence for the presence of more than one splice variant. Coverage varied from only a few
reads aligning to a small part of the coding sequence (for example Class 1B, B.NK and
Trim7.2), to many contigs and singletons covering the complete coding sequence and

untranslated regions of the transcript (for example CD1A and CD74).

Tissue specific expression patterns

10
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For all three pairwise analyses of differential expression, differentially expressed genes were
found in both directions. There were 254 genes overexpressed in the spleen tissue, versus 140
in blood (figure 3a). Three hundred and twenty-five genes were overexpressed in the spleen
tissue, versus 34 in bursa (figure 3b), and 287 genes were overexpressed in the blood tissue,
versus 50 in bursa (figure 3c). For spleen, in total 407 genes were overexpressed if the two
analyses were combined. One hundred and seventy-two of those were overexpressed in both
analyses. For blood, 303 genes were overexpressed, of which 124 were overexpressed in both
analyses. For bursa, 68 overexpressed genes were found, and 16 of those were overexpressed

against both other tissues.

Gene ontology terms that were significantly overrepresented were found for genes
overexpressed in all three tissues (27 terms for spleen, 12 terms for blood and 29 for bursa;
Table 2). Many of the gene ontology terms represented common cell maintenance functions,
such as protein binding or biosynthesis. For bursa, most of the significant GO terms were
found only once in the overexpressed gene list. For blood, the most highly significant terms
were related to haemoglobin and oxygen binding. For spleen, the most highly significant
terms were related to translation and ribosomal functions. Different immune related gene

ontology term were also found to be enriched in each of the tissues.

Identification of microsatellites and SNPs

We identified a total of 968 microsatellite repeat sequences in the house sparrow
transcriptome (Table 3). As tri- and hexa-nucleotide repeats (non-reading frame interrupting)
are the least common types, a majority of these are expected to be situated in untranslated

regions of the expressed genes (Primmer 2009). Of the identified repeats, 327 (34%) had
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sufficient flanking sequence information to allow for PCR primer design (Table 3). Primer

sequences for these are available in the Supplementary Material.

We also identified 3,177 SNPs situated in 1,702 of the transcriptome contig sequences. The
numbers of transitions and transversions at the SNP sites were 2,099 and 1,078, respectively,
giving a Ts/Tv ratio of 1.95. The GC ratio at the SNP sites was 49.6 %. Minor allele
frequencies at SNPs could not be reliably calculated, as sequence data were only available for
two individuals. SNP information, including flanking sequences, is available in the
Supplementary Material. Note that there is a risk that the described flanking sequences of
some of these SNPs span an exon/intron boundary. Consequently, SNP genotyping efficiency

using gDNA might be reduced.

Discussion

Next-generation cDNA sequencing has proved to be a rapid and effective way to develop
molecular tools in species without an existing genome sequence (Ekblom & Galindo 2011).
Since the first proofs of concept in the late 00s (Toth et al. 2007; Vera et al. 2008), many
species have now had their transcriptomes characterised in this way. Such descriptive studies
have proven to lay important foundations for investigating genomic aspects of fields such as
quantitative trait variation (Robinson et al. 2013), life history evolution (Santure et al. 2013),
speciation (Jeukens et al. 2010), local adaptation (De Wit & Palumbi 2013) and sexual
selection (Ekblom et al. 2012a). Transcriptome information is also of great help in the
assembly and annotation of genomic sequences. Here, we provide transcriptome sequences

for several important immune tissues of the house sparrow. Given the importance of this

12
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species as an ecological model (Anderson 2006; Jensen et al. 2004), we expect the

transcriptome data to aid future studies at the intersection of ecology and genomics.

Our house sparrow transcriptome covers more than eight thousand annotated avian genes,
representing almost half of all genes identified in the zebra finch (Ekblom et al. 2010a;
Warren et al. 2010). Many of these are, however, expressed at a very low level and only a
fraction of the coding sequence is present in the assembly. Our mean (550bp) and maximum
(2,462bp) contig lengths also suggest that most transcripts were not covered by one
contiguous sequence. These figures are, however, in line with expectations from previous
454-sequenced transcriptomes (e.g. Ekblom et al. 2010a; Wang et al. 2012; Vera et al. 2008),
although considerably higher coverage have also recently been reported (Balakrishnan et al.
2013). Spleen was the tissue with most annotated genes, and also the tissue with the highest
proportion of uniquely expressed genes. Bursa had the lowest overall expression levels and
also relatively few sequencing reads in the raw data. Given that the libraries were constructed
from equal amounts of cDNA, these differences are likely to be a result of technical artefacts

rather than biological variation.

Unsurprisingly, there was an overrepresentation of oxygen-binding and transport functions in
genes differentially expressed in blood. Perhaps somewhat more unexpected was the strong
association between overexpression in spleen and GO terms related to translation and
ribosomal function. A very similar result was previously reported in the characterisation of
the spleen transcriptome in zebra finch (Ekblom et al. 2010a). It thus seems to be a general
trend that ribosomal genes are highly expressed in this tissue. This could be an indication of

unusually high rates of translation in the spleen. A recent study in humans also established a
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clear link between mutations in a ribosomal protein and aberrant spleen development (Bolze
et al. 2013). The results from the differential expression analyses need to be treated with
caution for several reasons. First, we used a cDNA normalisation step in the library
preparation in order to produce a more even coverage of the transcribed genes. Normalisation
reduces extreme expression differences but there is thus still an expression signal left also
after normalisation. We have previously found that there is a rather strong correlation between
expression differentiation in normalised and un-normalised samples from the same tissues
(Ekblom et al. 2012b). Second, we only included one sample for each tissue type. This lack of
replication may have severe effects on the inference of differential expression, as it prevents
reliable significance testing of the results and adds noise to the down-stream analyses. Third,
spleen RNA was extracted from an adult individual, while whole blood and bursa came from
a nestling, so expression differences between spleen and other tissues may be related to age
specific and individual variation as well as tissue specific expression levels. Fourth, the large
differences in sequencing output and coverage between the different tissues could influence

these analyses (although the software used is designed to correct for such differences).

Immune genes have been of special interest in many investigations of adaptive genetic
variation that have used a candidate gene approach. Genes involved in the avian immune
system have previously been found to be evolving at a higher rate than other parts of the
genome (Axelsson et al. 2008; Lindblad-Toh et al. 2011). Such genes also have a more tissue-
specific expression pattern than other genes, and primary expression of most immune genes
was found in the three specific tissues sampled in this study (Ekblom et al. 2010b). We
manually annotated nine MHC genes from the house sparrow transcriptome sequence. Among

these were a nearly complete coding sequence of an MHC class I locus. The third exon of this
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sequence is almost identical to the previously described house sparrow allele Pado*109
(Loiseau et al. 2011). The MHC class I1B sequence found here is not identical to any of the
previously sequenced house sparrow class 11 alleles (Bonneaud et al. 2004b), but the
sequenced part of the second exon is strikingly similar to the annotated zebra finch MHC
class 11B locus 3 (Balakrishnan et al. 2010). Our manually annotated MHC sequences also
include the complete coding sequence of two isoforms of the CD74 gene (also known as the
MHC invariant chain or li). Expression of this gene has previously been found to be of
importance for the response to Mycoplasma infection in the phylogenetically related house
finch (Backstrom et al. 2013; Bonneaud et al. 2011). For 29 of the MHC genes that we tried
to annotate manually we could not find a homologous sequence in the house sparrow
transcriptome data. This is likely a result of very low expression of these genes in the absence
of an infection. An alternative approach that might be more successful in this respect would
be to sample immune tissues from individuals with a triggered immune response, either from
infection or experimental manipulation. It is also possible that the nucleotide sequences of
these genes have diverged sufficiently from the zebra finch orthologs (as a result of strong

positive selection) to hinder proper sequence alignment.

High-throughput genomic or transcriptomic sequences can be readily mined for molecular
genetic markers such as microsatellite repeat sequences or simple sequence repeats (SSRs). If
more than one haploid genome is sequenced and the depth of sequencing is sufficient, the data
can also be used to identify polymorphic nucleotide positions (for example SNPs and indels).
We have utilised the house sparrow transcriptome for both these applications. The novel
microsatellite markers developed here will add to the previously identified species-specific

markers (Dawson et al. 2012), as well as recently-developed microsatellite markers with
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general utility across the birds (Dawson et al. 2013; Dawson et al. 2010). Microsatellites
developed from transcriptomes may not be selectively neutral, since they are linked to
expressed genes, and should thus be used with caution in population genetic analyses. On the
other hand, such markers can be highly informative in genomic outlier analyses and other
kinds of investigations of functional genetic variation (Narum & Hess 2011; Willing et al.
2010). As microsatellite markers can often be successfully applied to species other than those
in which they were developed, it will be possible to utilise this resource in studies of other

bird species as well.

SNP markers have recently become widely used in population genetics and molecular ecology
(Morin et al. 2004). They are cheap and easy to score, meaning that information on genetic
variation across the whole genome can be easily obtained. In addition, these markers do not
do not suffer from the high levels of homoplasy commonly found in microsatellites (Payseur
& Cutter 2006), and have a well-defined and simple mutation model (Garvin et al. 2010). In
an important recent effort, Hagen and co-workers (2013) developed a 10k SNP chip for the
house sparrow based on genome and transcriptome sequences from a variety of tissues
(including blood but not bursa or spleen). SNPs will thus be the likely marker of choice for
many forthcoming studies in this species. The SNPs we have identified from the
transcriptome of immunologically important tissues, will complement those already
developed from the Norwegian island populations. As our samples come from a different
population, combining these two sets of SNPs may decrease the potential problem of
ascertainment bias in future applications. We used a blast approach to check for overlap
between the 3,177 SNPs reported here and the verified 8,491 SNP chip. We found exact

matches for only ten SNPs between these and an additional 42 SNPs were situated in the close
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vicinity (in the flanking sequence of) to the SNPs on the chip. This rather small overlap
between the two datasets may suggest some degree of genetic differentiation between the two
sampled populations. Compared to microsatellite markers, SNPs are often much more species
specific. It has, however, recently been found that many SNP markers can also be utilised in
closely related species of interest (Miller et al. 2011; Pertoldi et al. 2010), making this

resource more generally applicable than just in the focal organism.

The molecular markers (candidate gene sequences, SNPs and microsatellites) identified here,
together with the transcriptome sequence and expression profiles provided, will provide
important genomic tools for future studies of the house sparrow. We hope that the ongoing
long-term projects of this fascinating bird will benefit from this resource and that they will be
able to address new and exciting questions in molecular ecology. The description of MHC
gene sequences and expression in whole blood will clearly be of use in ongoing efforts to
understand the role of this important multigene family in ecology and evolution. The genetic
markers developed here are also likely to be applicable to other closely related species of

interest.
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Figure Legends

Fig. 1 Distribution of contig lengths of the de-novo assembly of the house sparrow transcriptome (all

tissues combined).

Fig. 2 Venn diagrams showing the total number genes (left), and number of genes represented by at
least five sequence reads (right), expressed in spleen, blood or bursa. Overlapping areas represent

genes that were expressed in more than one tissue.

Fig. 3 Differential expression of genes in the three pairwise comparisons between the sampled tissues:
(a) spleen vs. blood, (b) bursa vs. blood and (c) bursa vs. spleen. The right part of the graphs (sideways
V-shaped parts) represent genes that were expressed in both tissues, x-axis represents total expression
in both tissues together, and the y-axis represents log-fold difference in expression between the tissues.
The blue lines represent a four-fold expression difference; the red dots represent genes that were
overexpressed in blood (low on the y axis of a and b), bursa (high on the y axis of b and c) or spleen
(high on the y-axis of a and low on the y axis of c). In the left part of the graphs all genes that were
only expressed in one of the two tissues are plotted separately. The expression levels are shown as if
there was one case of expression in the tissue not expressed, to prevent dividing by zero;

overexpressed genes are similarly shown in red.
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636 Tables

637  Table 1 Number of sequencing reads (and mean length) obtained for each sequenced tissue type

Raw data

After primer and

poly-A trimming

After quality

filtering

178,389 (285 bp)
198,411 (309 bp)

71,167 (329 bp)

154,742 (280 bp)
168,760 (311 bp)

64,186 (324 bp)

152,804 (280 bp)
165,747 (314 bp)

63,291 (327 bp)

Tissue
Spleen
Blood
Bursa
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641  Table 2 Gene ontology term enrichment analysis of over-expressed genes for each of the three sampled tissues

642 (spleen, blood and bursa). Immune related GO terms are highlighted in bold.

adjusted

fisher p-
go description total expectation observation value
Spleen
ribosome 125 3 43 1.00E-32
structural constituent of ribosome 123 3 41 9.80E-31
translation 154 4 44 4.80E-30
ribonucleoprotein complex 106 3 32 2.50E-22
cytosolic large ribosomal subunit 34 1 17 8.30E-16
cytosolic small ribosomal subunit 18 1 11 3.30E-11
respiratory chain 11 0 7 5.70E-07
electron transport chain 14 0 7 4.80E-06
NADH dehydrogenase (ubiquinone) activity 24 1 7 0.00029
cytochrome-c oxidase activity 16 0 6 0.00029
ATP synthesis coupled electron transport 5 0 4 0.00029
translational elongation 11 0 5 0.00059
mitochondrial inner membrane 126 4 14 9.00E-04
translation elongation factor activity 8 0 4 0.0029
respiratory electron transport chain 9 0 4 0.0048
intracellular 1674 47 73 0.0059
protein folding 100 3 11 0.0066
oxidoreductase activity 361 10 23 0.014
small ribosomal subunit 12 0 4 0.014
catalytic step 2 spliceosome 49 1 7 0.021
external side of plasma membrane 83 2 9 0.025
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aconitate hydratase activity 2 2 0.03
positive regulation of tyrosine 2 2 0.03
phosphorylation of STAT protein

activation of signaling protein activity 2 2 0.03
involved in unfolded protein response

DNA double-strand break processing 2 2 0.03
UBC13-MMS2 complex 2 2 0.03
wound healing involved in inflammatory 2 2 0.03
response

Blood

oxygen transporter activity 8 4 0.0024
oxygen binding 8 4 0.0024
oxygen transport 8 4 0.0024
hemoglobin complex 4 3 0.0057
antigen processing and presentation, 2 2 0.042
exogenous lipid antigen via MHC class Ib

endosome membrane 19 4 0.042
cyclic nucleotide biosynthetic process 20 4 0.042
heme binding 97 8 0.042
guanylate cyclase activity 9 3 0.042
chaperone binding 21 4 0.042
phosphorus-oxygen lyase activity 21 4 0.042
cyclin binding 10 3 0.049
Bursa

DNA binding 907 11 0.043
T cell receptor signaling pathway 19 2 0.043
protein autophosphorylation 68 3 0.043
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nuclear speck organization

centrosome separation

orotate phosphoribosyltransferase activity
'de novo' UMP biosynthetic process

orotidine-5'-phosphate decarboxylase

activity
pilomotor reflex

RNA polymerase Il regulatory region DNA
binding

integrase activity
blastocyst formation
annulate lamellae

positive regulation of neutrophil

differentiation

positive regulation of histone modification
UBC13-UEV1A complex

regulation of histone ubiquitination

receptor signaling protein tyrosine

phosphatase activity

pre-B cell differentiation

ventral spinal cord development

cardiac muscle cell differentiation
sarcomere organization
immunoglobulin VV(D)J recombination
motor axon guidance

cardiovascular system development

RNA polymerase Il distal enhancer

sequence-specific DNA binding

27

0.043

0.043

0.043

0.043

0.043

0.043

0.043

0.043

0.043

0.043

0.043

0.043

0.043

0.043

0.043

0.043

0.043

0.043

0.043

0.043

0.043

0.043

0.043



transcription factor activity involved in

positive regulation of transcription
1,4-alpha-glucan branching enzyme activity 1 0 1 0.043

microglial cell activation involved in 1 0 1 0.043

immune response

nucleus 2257 10 19 0.044

643

644

645
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646  Table 3 Number and type of microsatellite repeats identified from the house sparrow transcriptome

Type Min. repeat  Total number Number of repeats

number of repeats  with primer sequence

Di- 10 151 19

Tri- 8 90 18

Tetra- 4 464 226

Penta- 4 197 52

Hexa- 4 66 12

All 968 327
647
648
649
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Figure 3.
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