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tBa
kground: The mito
hondria are involved in many basi
 fun
tions in 
ells of vertebrates, and 
an be
onsidered the power generator of the 
ell. Though the mito
hondria have been extensively studied there appearto be only few expression studies of mito
hondrial genes involving a large number of tissues and developmentalstages. Here, we 
ondu
t an analysis using the PigEST resour
e [1℄ whi
h 
ontains expression information from35 tissues distributed on one normalized and 97 non-normalized 
DNA libraries of whi
h 24 are fromdevelopmental stages. The mito
hondrial PigEST resour
e 
ontains 41,499 mito
hondrial sequen
es.Results: The mito
hondrial EST (Expressed Sequen
e Tag) sequen
es were assembled into 
ontigs whi
h 
oversmore than 94 per
ent of the por
ine mito
hondrial genome, with an average of 976 EST sequen
es pernu
leotide. This data was 
onverted into expression values for the individual genes in ea
h 
DNA libraryrevealing di�erential expression between genes expressed in 
DNA libraries from developmental and adult stages.For the 13 protein 
oding genes (and several RNA genes), we �nd one set of six genes, 
ontaining all
yto
hrome oxidases, that are upregulated in developmental tissues, whereas the remaining set of seven genes,
ontaining all ATPases, that are upregulated in adult mus
le and brain tissues. Further, the COX I (Cyto
hromeoxidase subunit one) expression pro�le di�ers from that of the remaining genes, whi
h 
ould be explained by atissue spe
i�
 
leavage event or degradation pattern, and is espe
ially pronoun
ed in developmental tissues.Finally, as expe
ted 
DNA libraries from mus
le tissues 
ontain by far the largest amount (up to 20%) of1



expressed mito
hondrial genes.Con
lusions: Our results present novel insight into di�eren
es in mito
hondrial gene expression, emphasizingdi�eren
es between adult and developmental tissues. Our work indi
ates that there are presently unknownme
hanisms whi
h work to 
ustomize mito
hondrial pro
esses to the spe
i�
 needs of the 
ell, illustrated by thedi�erent patterns between adult and developmental tissues. Furthermore, our results also provide novel insightinto how in-depth sequen
ing 
an provide signi�
ant information about expression patterns.
Ba
kgroundThe mammalian mito
hondrion is a system of only few 
omponents. It 
onsist of 13 protein 
oding genes,22 tRNA, two rRNAs and possibly a few non-
oding RNAs [2℄. In spite of this, the mito
hondrion is ofgreat importan
e to the organism, and higher animals would likely not exist without fun
tionalmito
hondria. Thus, the mito
hondria are an essential part of many metaboli
 pathways, most notablygeneration of ATP through the oxidative phosphorylation system, and is unique among the 
ellularorganelles, be
ause it 
ontains a genome of its own [3, 4℄ (and referen
es therein). The 
ir
ularmito
hondrial genome also deviates from the nu
lear genome by being extremely 
ompa
t in nature withalmost no inter-spa
ed non-
oding DNA between genes, furthermore, it has a spe
ial 
odon usage usingonly the 22 tRNAs to en
ode the amino a
ids. The 
ompa
t nature of the mito
hondrion is dire
tlyre�e
ted in the trans
ription me
hanism, as all genes are trans
ribed in poly
istroni
 trans
ripts whi
h arethen pro
essed to give the mature RNAs [3, 4℄ (and referen
es therein).Sin
e, the genes en
oded in the mito
hondrial DNA are used in pathways 
entral to living organism, thepatterns of expression 
an potentially provide 
onsiderable insights into the metaboli
 and bio
hemi
alme
hanisms in di�erent tissues. The massive amount of resear
h on mito
hondria (eg. a PubMed sear
hwith keywords 'mito
hondrion' or 'mito
hondrial' yields almost 150,000 hits) have to some extentun
overed the me
hanisms responsible for regulation of mito
hondrial genes: It has been found that theD-loop is the origin for trans
ription of both strands of the genome, and 
ontains promoter and bindingregions for trans
ription fa
tors [5℄, that 
an serve to up or down regulate trans
ription. It has, forexample, been shown that there is a signi�
ant regulation of trans
ription in response to externalstimuli [6�8℄. However, due to the nature of the poly
istroni
 trans
ription, su
h genes are expe
ted to be2



expressed at equal levels and be jointly up- and down-regulated eg. [7℄. Furthermore, degradationalme
hanisms related to adenylation, stability, and translation have been linked to post-trans
riptionalregulation [9�11℄, whi
h is expe
ted to lead to uniform relative expression levels between mito
hondrialgenes. This 
oordinated expression of mito
hondrial genes has been veri�ed experimentally, by eg. [8, 12℄.Furthermore, the mito
hondrial system is still being investigated for novel insights into disease me
hani
s,where a large s
ale expression analysis (as presented here) provide useful insights.To 
ondu
t theseexpression studies, good animal models are desirable, and the pig is an obvious 
andidate. It is in
reasinglybeing used as a model animal [13℄, sin
e it is relatively 
lose to humans, both geneti
ally andphysiologi
ally, and thus a better model animal 
andidate than, for instan
e rodents. It has, for example,been shown that, in sequen
e spa
e, the pig is 
loser to human than mouse [14℄ and the similar observation
an readily be made for the mito
hondrial genomes (data not shown). Additionally, pig (in 
ontrast tohuman) provides easy a

ess to tissues from various organs at di�erent development stages. Also the pig isone of the worlds foremost produ
tion animals and any insights gained 
ould have a large e
onomi
 impa
t.Due to the extreme read-
overage of the mito
hondrion, this study also provides predi
tions of the out
omefrom the �next�- generation sequen
ing methods (ie. 454 sequen
ing et
.) when applied to 
DNAsequen
ing (see eg. [15℄). These new methods are 
hara
terized by very high throughput and 
an thereforegenerate huge amounts of data, whi
h 
an, for example, be used in digital expression studies, in themanner presented herein.Here, we use the PigEST resour
e 
omprising 41,499 mito
hondrial sequen
es [1, 16℄ to present the �rstlarge-s
ale mito
hondrial expression study 
omparing di�erent tissues and di�erent developmental stages.ResultsEST assemblyThe Sino-Danish pig-genome proje
t generated around 685,000 EST (Expressed Sequen
e Tags) sequen
esas des
ribed in [1, 16℄. The sequen
es were generated from one normalized and 97 non-normalized 
DNAlibraries 
overing in total 35 tissues. Details are available online [1℄. The library names and 
orrespondingtissues are listed in Table 1. The resour
e 
ontains 41,499 EST sequen
es (reads) annotated asmito
hondrial sequen
es. We assembled this set of mito
hondrial sequen
es using the Distiller pipeline [17℄,and generated 35 
ontigs (gene 
lusters) and 23 single reads. The largest 
ontig 
ontains 11699 reads whilethe smallest were aggregates of only two ESTs. This also demonstrate the strength of the Distiller pipeline,as it is able to handle su
h large (and deep) 
lusters. A 
omplete list of 
ontigs along with their gene3



mat
h in the mito
hondrial genome is provided in Table 2.To ensure that the ESTs were unique for the por
ine mito
hondrial genome, the ESTs were mat
hedagainst the nr database [18℄ using BLAST [19℄. Ex
ept for 232 ESTs (whi
h are probably stillmito
hondrial), all 41,499 mito
hondrial ESTs mat
hed with smaller E-values to mito
hondrial proteinsthan all other proteins, where the vast majority (95 %) mat
hed the with E-values smaller than 1e − 65(see Methods for details).Furthermore, our assembly yield an overall high 
overage of the mito
hondrial genome as the 
ontigs 
overs15148 positions of 15978 possible, 
orresponding to 94% of the mito
hondrial genome, and has an average
overage of 976. Interestingly, in spite of this extreme 
overage, we observed that there are almost no ESTsoriginating in regions outside annotated genes, and we essentially did not pi
k up any ESTs originatingfrom a 
ompletely unpro
essed poly
istroni
 trans
ript, ie. there is an abrupt 
hange in 
overage fromgenes to the small gaps between genes.The assembly program, Distiller [17℄, was also able to 
ondu
t a phylogeneti
 de
omposition of a number of
lusters. That is, 
lusters originally 
omposed of ESTs from both European (eg. Yorkshire) and Asian (eg.Taihu) pig breeds were divided into 
lusters with either European breed ESTs or Asian breed ESTs basedon SNP information. A result of this is that there are �ve pairs of highly similar 
onsensus sequen
es whereone sequen
e mat
h published Asian strain sequen
e while the other mat
h published European strainsequen
es.Another intri
a
y is overlapping genes, eg. ATP6 and ATP8. These were 
lustered together in theassembly due to the existen
e of EST sequen
es whi
h overlap both genes, and therefore the 
lustersessentially represent both genes.The phylogeneti
 de
omposed pairs along with the gene(s) 
overed are indi
ated in Table 2.
DNA library 
ontent of mito
hondrial genesAn investigation of the proportion of mito
hondrial gene expression in the di�erent 
DNA libraries wasperformed. We found that 
DNA libraries from tissues asso
iated with high metabolism (eg. mus
les)have a larger fra
tion of mito
hondrial ESTs 
ompared to the total number of reads from that library asshown in Figure 1. We observed that the fra
tion of total reads that originates from the mito
hondrionranges from roughly 0% up to 22%, with the majority falling between 2% to 10%. However, the libraries (8in total) with the smallest fra
tion seem to have unusual low mito
hondrial-EST 
ounts, and were ex
ludedin the following 
lustering. Furthermore, we attempted to see if there were any 
orrelations between the4



number of 
ounts from a given tissue and diversity of expression, however we did not �nd any su
h patterns.Di�erential gene expressionTo measure the digital expression of spe
i�
 genes (
ontigs) in a given 
DNA library, we 
onsidered thenumber of ESTs relative to the library size (see Methods), whi
h in general, for high 
on�dent annotations(as here), has been shown to be in agreement with experimental qPCR results [16℄. Using the digitalexpression values and merging 
lusters representing the same genes (ie. those that had beenphylogeneti
ally de
omposed), we 
ondu
ted a hierar
hi
al 
lustering using the gene-
luster pa
kage [20℄(with 
entroid linkage and 
orrelation as similarity metri
). The result is shown in Figure 2. We observedthat the tissues fall in two di�erent main groups: one enri
hed and one deprived for 
DNA librariesestablished from tissues sampled at di�erent developmental stages.The 
on�den
e of the 
lustering was assessed using other 
lustering s
hemes and metri
s (eg. 
ompletelinkage with eu
lidean similarity metri
). Applying this range of s
hemes leads to essentially the sameresults. However, the exa
t relation between the individual libraries were to some extend shu�ed froms
heme to s
heme, ie. the order of the libraries 
hange slightly.Though it is di�
ult to make any 
lear distin
tion between the genes that are expressed in the tissue
lusters, it appears that 16S RNA and ATPase subunits six and eight have a higher expression in librariesfrom mus
les and brain tissues, while there is no systemati
 pattern in the remaining libraries.Furthermore, there is a distin
t di�eren
e between the total expression of the di�erent mito
hondrial genes.This is readily apparent from Figure 3(A), where the depth of the EST 
overage is shown. Comparing thedepth to the genes it appears that the depth varies 
onsiderable, from just below ten thousand to zero atgene boundaries. The di�eren
es in expression 
an be seen in more detail in Figure 3(B), where thenormalized depth of 
overage is shown from four representative libraries (see [additional �le 1℄ for alllibraries). We see that the expression pattern varies greatly for di�erent tissues. Interestingly, we also �ndESTs whi
h map to the D-loop region (15271�15978), where no genes have been annotated. This isparti
ularly intriguing 
onsidering the re
ent dis
overy of non-
oding RNA (n
RNA) in the mouse D-loopregion [2℄, however we were unable to �nd good mat
hes (using BLAST [19℄ or foldalign [21℄ for lo
alstru
tural RNA alignment) between the putative mouse n
RNAs, and the por
ine D-loop region (fromGenbank: AF486866). Therefore, it has not been possible to 
on
lude whether the por
ine D-loop ESTs
orrespond to any of the reported mouse D-loop n
RNAs.5



Pro
essing of mito
hondrial trans
riptsThe EST data also 
ontains information about post-trans
riptional 
leavage of the mito
hondrialpoly
istroni
 trans
ript. At any given position on the mito
hondrial genome, the 
overage of an ESTindi
ates the existen
e of a trans
ript from that position. Conversely, not �nding any EST reads in aparti
ular region means that the trans
ript is likely to be rapidly degraded. This is exempli�ed by the la
kof 
overage of the mito
hondrial genome between annotated stru
tures (genes/n
RNAs) as shown inFigure 3(A).The tRNA genesDue to the EST read 
overage patterns of the tRNA genes it appears that there are two di�erentme
hanisms responsible for 
leaving of tRNA genes within a poly
istroni
 trans
ript, ea
h asso
iated eitherwith the 5' or 3' end of the tRNA trans
ript. For the 5' end of the tRNAs there is no read 
overage,whereas, there is some read 
overage of the 3' end (whi
h 
ontinues into the downstream protein 
odingregion). This is in agreement with previous dis
overy where it was found that 5' 
leavage pre
edes 3' end
leavage [22℄. The fa
t that we only observe reads that overlap with the 3' end suggest that 
leaving of the3' end takes pla
e at a longer times
ale, or with a 
onsiderable weaker enzymati
 strength (or smallerenzyme 
on
entration) than the 5' 
leavage.The COX I trans
riptInspe
ting the position-wise EST 
overage for the individual genes, we observe that the 
yto
hromeoxidase I (COX I), (position 5270�6814 in Figure 3) gene di�ers from the remaining genes as its 
entralregion (position 5800�6000) has a profound dip in 
overage with a low number of ESTs 
overing thisregion, see Figure 3(A). This is even more obvious when looking at the 
overage of COX I in spe
i�
libraries (see [additional �le 3℄).Quantifying this we have 
reated expression pro�les for the individual libraries, based on the EST 
overagealong the gene. The expression pro�les were 
reated by 
al
ulating the average 
overage for ea
h window of100 basepairs (from position 5300�6900), thus, ea
h library has 16 numbers linked to 
overage of ea
h partof the COX I gene. These expression pro�les were 
lustered using gene-
luster [20℄ resulting in three groupsof libraries (see Figure 4).For the �rst group (A), we observe the drop in EST 
overage (Figure 5(A)), splitting the expression pro�lein two, with elevated 
overage of the �rst part of the region, whereas for the se
ond group (B)6



(Figure 5(B)) we observe EST 
overage mainly in the region 
orresponding to the se
ond part of theregion. For the �nal group (C) a more uniform 
overage is present, (see in [additional �le 2℄, Figure 1).Furthermore, we observe that group A has an over-representation of developmental libraries, whereasgroups B and C 
ontains an over-representation of mus
le libraries (see Figure 4). Furthermore, group B
ontains an over-representation of brain related libraries. These observations, of developmental andbrain/mus
le spe
i�
 patterns, are in a

ordan
e with the similar type of observations made for themito
hondrial genome expression presented above.We spe
i�
ally investigated 
DNA libraries from brain and spinal 
ord for COX I patterns. Thesub-
lustering of these libraries (see [additional �le 2℄, Figure 2), shows that libraries established from earlydevelopmental stages (F 50: E
e, E

, Ebs) have a distin
t group A expression pattern, while theremaining libraries have groups B and C pattens. This grouping �ts well with the 
lustering of expressednon-mito
hondrial brain related genes re
ently reported [16℄.The known mito
hondrial pro
essing me
hanisms work on RNA stru
tures. We investigated whether anystru
tural RNA signals were present in the gene by aligning the gene from di�erent organisms (worm, �y,human, pig, among others), and look for 
ompensating mutations. We found weak signals, but were notnot able to draw any 
on
lusions from those.Dis
ussionHere, we investigated expression of por
ine mito
hondrial genes based on in depth EST sequen
ing. TheESTs were generated from one normalized and 97 non-normalized 
DNA libraries representing in total 35tissues of whi
h 24 were from developmental stages [16℄. We investigated 41,499 ESTs whi
h yielded anaverage 
overage of 976 EST per mito
hondrial nu
leotide position. The main observation was that therewas great variability in expression between genes within di�erent tissues and developmental stages.Interestingly, the di�eren
es in expression are parti
ularly profound between (early) developmental andadult tissues, whi
h in itself might explain why this previously has been overlooked, sin
e apparently thereare only a limited number of mito
hondrial studies involving many developmental and adult tissues.The observations of di�eren
es in the expression pattern between genes and between tissues seem also to
hallenge the 
urrent knowledge of mito
hondrial gene expression [3, 4℄. Sin
e, mito
hondrial genes aretrans
ribed as long poly
istroni
 trans
ripts [3, 4℄ and the steady state level of the mRNAs is governed bydegradation [11℄, the expe
tation is a fairly regular homogeneous expression pattern where the relativelevel of two genes (on the same trans
ript) would be tissue independent. However, our observations suggest7



that there exist me
hanisms whereby the individual mRNAs are degraded in a tissue-spe
i�
 fashion.The mito
hondrial genes belonging to respiratory 
omplex IV are 
learly expressed at a higher level intissues representing early developmental and new born stages. Conversely, the genes belonging to 
omplexI are di�erential expressed in the two groups of tissues (ie. early developmental and adult). This mightimply that there is a mutual dependen
e between full expression of the mito
hondrial genome andadjustment to the adult 
ardio vas
ular 
ir
ulation, ie. the di�eren
es are related to maturation of theenergy metabolism. However, as all the mito
hondrial genes are part of the same metaboli
 pathway, thedire
t biologi
al interpretation is un
lear, though the di�eren
es may suggest that the mito
hondria plays arole in developmental stages beyond simple energy metabolism.The di�eren
es between gene expression in developmental and adult tissues were also present in COX I.For this gene we observed (for several 
DNA libraries) a sudden drop of EST 
overage within the geneitself, indi
ating post-trans
riptional pro
essing. Based on the di�erent expression patterns within the
DNA libraries we 
ondu
ted a 
lustering that led to three main patterns of expression. One main group isdominated by 
DNA libraries from developmental stages, whereas the others are dominated by brain andmus
le libraries. Furthermore, for brain libraries we found COX I expression patterns in agreement withexpression patterns from non-mito
hondrial genes previously found [16℄, lending further 
redibility to ourobservation.One 
ould spe
ulate that these patterns represent a 
leavage event of the COX I gene. The putative
leavage event does not appear to be ubiquitous, and seems to be followed by spe
i�
 degradation of one ofthe 
leave-forms in some 
ases. The 
leaving might represent a new mode of regulation of themito
hondrial pro
esses where the COX I gene is involved. A previous study [23℄ suggested regulation ofmito
hondrial COX genes, emphasizing di�eren
es in developmental stages (in agreement with our study),and suggested a link to the di�erent isoforms of COX VIa and COX VIIa,We do not have any biologi
al interpretation of how this me
hanism works. Conventional mito
hondrialpro
essing would require the mRNA to be spli
ed due to se
ondary RNA stru
tures [22℄, and though wehave found weak RNA stru
ture signals in the COX I gene (by 
omparing to other organisms), we 
an not
on
lusively say what mediates this pro
essing. Extensive laboratory work 
ould hopefully shed some lighton the possible biologi
al me
hanism(s), but is beyond the s
ope of the work presented here.
8



Con
lusionThe dis
overy of large expression di�eren
es between individual mito
hondrial genes is surprising. Inparti
ular the observation that there are large di�eren
es between mito
hondrial gene expression indevelopmental and adult tissue is of potential great biologi
al interest. Regulation of the mito
hondrialgenes is expe
ted to some degree. However, the known me
hanisms regulate the trans
ription of the fullpoly
istroni
 trans
ript, and degrade the mito
hondrial en
oded RNA, dependent on the features of theRNA spe
ie [8, 10, 24℄, leading to an expe
tation of uniform patterns a
ross tissues. Our work indi
atesthat there must be some me
hanism(s) that sele
tively degrades spe
i�
 gene trans
ripts in spe
i�
 tissues.These me
hanisms 
ould partly be related to metaboli
 di�eren
es in adult and developmental tissues.Our study also demonstrates the usefulness of in-depth sequen
ing for expression studies, supporting thatexpression studies 
an be 
arried out by raw sequen
ing, su
h as the re
ent 454 and solexa parallelsequen
ing methods [25, 26℄.MethodsDataThe sour
e of the EST sequen
es is des
ribed in [16℄. The EST sequen
es from the sour
es des
ribedtherein were mat
hed against a known pig mito
hondrial sequen
e extra
t from GenBank (a

: AF486866,gi: 33320837) using blastn [19℄, and labeled as mito
hondrial by using the build in tool of the Distillerassembler. In total 41,499 ESTs were assigned su
h label. These ESTs were then assembled with theDistiller EST assembly pipeline [17℄, whi
h uses a ba
kbone Mi
rosoft SQL server. Further, based on SNPpatterns, the 
ontigs were phylogeneti
ally split into European and Asian strains.The generated 
ontigs were then mat
hed using blastn [19℄) against a known pig mito
hondrial sequen
e(GenBank: AF486866), thereby lo
ating ea
h sequen
e at a spe
i�
 position on the mito
hondrial genome,and allowing detailed 
omparison with known mito
hondrial features. Extra
tion and analysis of thesequen
e information was performed using a number of SQL and Perl s
ripts 
reated for the spe
i�
analysis.The 
overage depths were 
al
ulated by mapping the EST sequen
es to the mito
hondrion in a similarfashion to the 
ontigs, and simply adding the number of ESTs 
overing that parti
ular position, ie. if twoESTs were mapped to 
over a base on the mito
hondrial genome, then the 
overage at that positions istwo. The 
ounts were normalized using the total number of library spe
i�
 reads.To ensure that the por
ine ESTs mat
hed against protein databases are 
orre
t mat
hes to mito
hondrial9



proteins, we performed some validating 
he
ks. We (in la
k of a 
omplete por
ine genome) mat
hed humanmito
hondrial genes to known human genes. We found no mat
hes with a high similarity, thus indi
atingthat there are no genes paralogous to mito
hondrial genes in mammals.Furthermore, when mat
hing the por
ine ESTs (using BLAST [19℄) against the known nr database [18℄, allbut 232 ESTs hit nr sequen
es that were 
learly identi�able as mito
hondrial with a higher s
ore (lowerE-value respe
tively) than non-mito
hondrial sequen
es. Also 95 % of the ESTs mat
h with E-valuessmaller than 1e − 65 to the mito
hondrial sequen
es. For the remaining 232 most often a mito
hondrialsequen
e mat
hed with 
omparable E-value as the mat
h with the lowest E-value. Further, for these ESTsthe nr sequen
e that mat
hed with the lowest E-value had un
lear annotations, ie. annotations whi
h
ould not 
on
lusively be identi�ed as belonging to a spe
i�
 genome. We therefore believe that the 232sequen
es represent mito
hondrial ESTs, and in
luded them in the analysis.Additionally, it is worth noti
ing that the phylogeneti
 de
omposition of genes into European and Asianstrains, in
rease the 
on�den
e that all ESTs are mito
hondrial, as others would have been likely to mergeinto a separate 
luster and be de
omposed along with the already de
omposed gene-
lusters.Digital Expression Pro�lesThe expression of gene i (
ontig) in library j is 
omputed as the fra
tion of ESTs of library j that isassembled into gene i, that is the expression is #EST
libj ,geneiTotal #EST

libj

. The 
al
ulated expression patterns werethen 
lustered using gene-
luster [20℄ (normalizing and 
entering data, 
entroid 
lustering based on
orrelations (un
entered)), and visualized with Java Treeview [27,28℄. A few libraries were ex
luded in theanalysis as they seemed to have arti�
ially low read 
ount, the 
ut-o� was set at an absolute 
ount of 20ESTs (ex
luding the libraries: 
st, 
fe, 
mu, 
ut, sto, 
ki, pla, 
sk). Sin
e 'pla' is the normalized library itwas expe
ted to have a low read 
ount. Furthermore, 
lusters that had been phylogeneti
ally split weremerged, so that the expression of one gene represented by two 
lusters were taken as the sum of theexpression in the 
lusters.Availability and requirementsAll data for the proje
t in
luding the assembled sequen
es (
ontigs), expression and BLAST data isavailable at http://pigest.ku.dk/more/mito/. From this webpage it is also possible to a

ess the assemblyfor ea
h 
ontig with its 
orresponding reads. 10
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FiguresFigure 1 - Mito
hondrial fra
tion of ExpressionThe libraries are ordered a

ording their fra
tion of EST originating from mito
hondria. Sele
ted tissuesand their developmental stage are marked by 
olored bullets.Figure 2 - Expression patternsClustering of the genes based on their di�erential expression pro�les. The expression level of a gene withina library is 
al
ulated from the number of EST from the 
lusters 
overing that gene, normalized by thetotal number of ESTs in the library. Phylogeneti
ally de
omposed 
lusters 
overing the same gene aremerged into one entry (see Table 2). The di�erent tissues and developmental stages are marked with 
olorto emphasize the 
lustering.Figure 3 - Coverage of the mito
hondrionThe EST 
overage of the mito
hondrial genome. (A) The red line show the �depth� of the 
onsensussequen
es, while the green are the �true� 
overage of the EST sequen
es. The lines at the bottom mark theposition of known mito
hondrial genes re
orded in the genbank entry (Genbank: AF486866). (B) Thisshows the normalized 
overage (expression) for four representative libraries, for whi
h notable di�eren
esare observed. The individual genes are indi
ated by the lines at the bottom, and are: (A) 12s rRNA, (B)16s rRNA, (C) NADH1, (D) NADH2, (E) COX I, (F) COX II, (G) ATP8, (H) ATP6, (I) COX III, (J)NADH3, (K) NADH4L, (L) NADH4, (M) NADH5, (N) NADH6, (O) CYTB.Figure 4 - Clustering of spe
i�
 COX I gene 
overageClustering based spe
i�
 
overage of the COX I gene. Three main group are found. Group A, with anelevated relative expression of the �rst part of the gene, and a drop o� at position 5900, Group B with anelevated relative expression of the last part of the gene, and group C, with an elevated relative expressionof the 
entral part of the gene. Groups B and C are somewhat similar, but group A has a 
lear pattern.Figure 5 - Coverage of the COX I geneThe 
overage of the COX I gene(position 5270 to 6824). The division into groups, A, B, and C (not shown)of di�erent libraries were performed by 
lustering on 
overage of the di�erent parts of the gene. (A) Asubset of libraries from group A having the 
hara
teristi
 dip in expression level in the rangeapproximately from position 5800 to 6000. (B) A subset of group B libraries having a general la
k of14



expression within the region ranging from position 5270 to approximately 5900. The full plots for allgroups are shown in [additional �le 1℄, and plots for individual libraries 
an be found in [additional �le 3℄.
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Table 1 - Overview of LibrariesLib name Tissue(Animals) Des
ription Readsamn Amnion (S) � 126aor Aorta (M) � 99bla Bladder (M) � 244nbm⋆ Bone marrow (S) 115 days, bone marrow 135
be Brain (M) Cerebellum 325
br• Brain (B) Brain (
ortex) 1067f
o Brain (M) Frontal 
ortex 410hyp Brain (S) Hypothalamus 1153pgl Brain (M) Pituitary gland 242e

⋆ Brain (S) F 50 days, 
ortex 384e
e⋆ Brain (S) F 50 days, 
erebellum 206f
e⋆ Brain (S) F 100, 
erebellum 192f

⋆ Brain (S) F 107, 
ortex 
erebri 408fhi⋆ Brain (S) F 107 Hippo
ampus 662
bl• Haemopoeti
 (B) Blood 200j
a Cartillage (S) Joint 
apsule 327n
a⋆ Cartillage (S) 115 days, 
artilage 389pan• Endo
rine glands (M) Pan
reas 60ret Eye (M) Retina 901eye⋆ Eye (S) F 50, eye 174fat Fat (M) Fat 742
he Heart (B) � 40hea Heart (M) � 974hlv Heart (S) Left ventri
le 2103
je Intestine (B) Jejunum 0
ol Intestine (S) Large intest, 
olon as
. 342duo Intestine (S) Small intest, duodenum 289ill Intestine (S) Small intest, illeum 147jej Intestine (S) Small intest, jejunum 629lin Intestine (M) Large intestine 1109sin Intestine (M) Small intestine 313eje⋆ Intestine (S) F 50, Jejunum 521n
o⋆ Intestine (S) 115 days, 
olon 548nje⋆ Intestine (S) 115 days, jejunum 460
ki Kidney (B) � 10kid Kidney (M) � 405
li Liver (B) � 223liv Liver (M) � 100eli⋆ Liver (S) F 50, liver 113�i⋆ Liver (S) F 100, liver 95
lu Lung (B) � 313lun‡ Lung (M) � 176elu⋆ Lung (S) F 50 days, lung 4816



nlu⋆ Lung (S) 115 days, lung 239
ly Lymphati
 gland (B) � 287lyg Lymphati
 gland (M) � 418lnt Lymphati
 gland (S) � 315
ga Mammary gland (B) � 69m
p Mammary gland (S) Mammae, 
ollostrum prod 257mga Mammary gland (M) 7 days after weaning 112mgm• Mammary gland (M) 14 days after birth 81mgp Mammary gland (M) 7 days pre birth 81med Mediastinum (S) � 480bfe Mus
les (M) M. bi
eps femoris 1738
tl• Mus
les (B) Tenderloin 420isp Mus
les (M) M. infraspinatus 1530ldo Mus
les (M) M. longissimus dorsi 832mas Mus
les (S) M. masseter 1214sme Mus
les (M) M. semimembranosus 137ssp Mus
les (M) M. supraspinatus 806ste Mus
les (M) M. semitendinosus 711tbr Mus
les (M) M. tri
eps bra
hii 1314vin Mus
les (M) M. vastus intermedius 255ese⋆ Mus
les (S) F 50, M. semitendinosus 279nms⋆ Mus
les (S) 115 days, M. semitendinosus 745gul Oesophagus (M) � 291ova Ovary (M) � 178
ov Ovary (S) � 363pla† Pla
enta (M) � 15pro Prostata (M) � 128re
 Re
tum (M) � 393
mu Rhinal mu
osal membrane (B) � 5nmm⋆ Rhinal mu
osal membrane (S) 115 days, mu
osal memb. 505sag Salivary gland (M) � 628
sk Skin (B) � 19ski Skin (M) � 312ton Skin (S) Tip of tongue, mu
osa 659eep⋆ Skin (S) F 50, epidermis 53eru⋆ Skin (S) F 50, regium bili
alis 229nep⋆ Skin (S) 115 days, epidermis 143sp
 Spinal 
ord (M) Spinal 
ord 570ebs⋆ Spinal 
ord (S) F 50 days, brain stem 408fbs⋆ Spinal 
ord (S) F 107 Brain stem 780spl Spleen (M) � 126
sp Spleen (B) � 185
st Stoma
h (B) � 3sto Stoma
h (M) � 7sug Suprarenal glands (M) � 42417




ag Suprarenal glands (B) Adrenal gland 316
te Testi
le (B) � 2tes Testi
le (M) � 70
ty Thyroid glands (B) � 462thg Thyroid glands (M) � 439pty Thyroid glands (S) Piglet 2 days, thymus 288fty⋆ Thyroid glands (S) F 100, thymus 216tra Tra
hea (M) � 336ute Uterus (S) � 380
ut Uterus (B) � 6
⋆: Developmental tissue.
†: Is a normalized library.
•: Ignored in expression analysis (see materials and methods).
‡: Likely to be heavily 
ontaminated by liver ESTs.The generated 
DNA libraries, representing 35 tissues. They are here shown as two (overlapping) sets, aphysiologi
al and a developmental set. The 
olumn �Libname� gives three letter 
ode for the library,�Tissue� indi
ates the overall tissue the library has been generated from, where �(Animals)� indi
ateswhether the library has been generated from a single (S or B) or multiple (M) animals. Libraries listedwith (M) and (S) represent the pig breeds (mostly 
ross breeds) used in the Danish breeding (ie.Landra
e, Yorkshire, Duro
 and Hampshire), whereas the libraries listed with (B) present Chinese pigbreeds. �Des
ription� provides a short des
ription. The 
olumn �Reads� show the number of mito
hondrialreads that went into that library after 
leaning. The F NN label refers to fetal tissue, NN days old, eg.F 50 libraries are tissues from 50 days old fetuses.

18



Table 2 - Contig mappingContig name Genes Expression AnnotationMto.1-rptbr0137_p9.5 ATP6, ATP8, tRNA-lys ATP6, ATP8, tRNA-lysMto.1-r
br0_003330.5 ATP6Mto.1-Pig4-TMW8011D08.5 COIII COIIIMto.1-rlin28_
19.5 COIIIMto.1-ruio09_m24.5 COII, tRNA-asp COII, tRNA-aspMto.1-rf
e02
_
7.5 COII, tRNA-aspMto.1-Pig3-SRG8019L17.3 COIIMto.1-rm
p16
_h16.5 tRNA-ala, -asn, -
ys, -tyr tRNA-ala, -asn, -
ys, -tyrMto.1-rlnt16
_
19.5.5 NADH2, tRNA-met NADH2, tRNA-metMto.1-raor035_i5.5 NADH2Mto.1-Pig1-12J20.5 NADH2Mto.1-rpig
f0_021006.5.5 12s rRNA 12s rRNAMto.1-rfhi4018b_b15.5 12s rRNAMto.1-rfhi4034b_l17.5.5 NADH3 NADH3Mto.1-rmas913b_n9.5 NADH3Mto.1-rpig
a0_009382.5.264 NADH5, NADH6, tRNA-leu NADH5, NADH6, tRNA-leuMto.1-rdbla0134_l12.5.265 NADH5, NADH6Mto.1-r
br0_002402.5.88 NADH1, tRNA-leu NADH1, tRNA-leuMto.1-risp19_o19.5.109 NADH1, tRNA-leuMto.1-rmed14
_h17.5 16s rRNA, tRNA-val 16s rRNA, tRNA-valMto.1-r
br0_008583.5 16s rRNAMto.1-reje01b_b4.5.221 CYTB CYTBMto.1-rnje02
_k15.5.223 CYTBMto.1-rjej10b_b21.5.172 NADH4, NADH4L NADH4, NADH4LMto.1-r
br0_013551.5.173 NADH4, NADH4LMto.1-Pig3-SRG8014F12.3 NADH4Mto.1-Pig4-TMW8023L12.3 NADH4Mto.1-re
e10_n9.5.336 COI,tRNA-ser COI,tRNA-serMto.1-rhlv24b_m17.5.334 COI,tRNA-serMto.1-rhyp06
_f16.5 COIMto.1-Pig3-SRG8017A07.5 COITable 2: Table showing whi
h genes the di�erent 
ontigs maps to. Found by 
omparing the mat
hed (byBLAST) position to the annotations in genbank entry AF486866. The expression annotation 
olumn markswhi
h 
lusters in the expression 
lustering the 
ontig has gone into.
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Additional FilesAdditional File 1File format: pdfTitle: Normalized 
overage from librariesDes
ription: The expression pro�le of the mito
hondria for ea
h 
DNA library.Additional File 2File format: pdfTitle: COXI expression and 
lusteringDes
ription: Supplementary �gures for COX I expression and 
luster analysis.Additional File 3File format: pdfTitle: Normalized COXI 
overage from librariesDes
ription:The expression pro�le of the COX I gene for ea
h 
DNA library.

20



F
5
0

F
1
0
0
−

1
0
7

F
1
1
5

M
u

s
c
le

/H
e
a
rt

In
te

s
tin

e

cst
cte

cmu
cut
sto
cki
pla
csk
che
eep

nbm
pan
tes

mgm
liv
eli

mga
spl
elu
cga

fli
aor
cbl
ova

ill
nep
lun
eru

mgp
pgl
eye
csp
bla
cli
cly
ese
jca
clu
fty
pty
tra

sme
mcp
ecc
lnt
ski
nlu
ece
cag
cov
cty
ebs
duo
ute
eje
gul
fce
kid

amn
nca
sug
sin
lyg
thg

med
jej
ctl

fco
spc
pro
col

nmm
rec
nje
cbe
fcc
ldo
vin

nco
ste
ssp
fat
fhi

sag
ton
ret
cbr
fbs

nms
lin

hyp
hea
tbr
isp

mas
bfe
hlv

0 5

1
0

1
5

2
0

2
5

L
ib

ra
rie

s

Percent mtEST expressedF
ig

u
re

 1



che_Heart
eep_devel_Skin
eli_devel_Liver 
mga_Mammary_gland 
cag_Suprarenal_glands 
cov_Ovary 
cli_Liver 
cly_Lymphatic_gland 
csp_Spleen 
ill_Intestine 
elu_devel_Lung 
amn_Amnion 
mcp_Mammary_gland 
nms_devel_Muscles 
ebs_devel_Spinal_cord 
ece_devel_Brain 
fhi_devel_Brain 
fcc_devel_Brain 
eru_devel_Skin 
ecc_devel_Brain 
hyp_Brain 
fbs_devel_Spinal_cord 
ese_devel_Muscles 
ute_Uterus 
pty_Thyroid_glands 
eje_devel_Intestine 
fce_devel_Brain 
eye_devel_Eye 
jej_Intestine 
cga_Mammary_gland 
fli_devel_Liver 
nbm_devel_Bone_marrow 
nca_devel_Cartillage 
jca_Cartillage 
lnt_Lymphatic_gland 
med_Mediastinum 
col_Intestine 
nco_devel_Intestine 
mas_Muscles 
fty_devel_Thyroid_glands 
ton_Skin 
nmm_devel_Rhinal_muc_mem 
nje_devel_Intestine 
nlu_devel_Lung 
hlv_Heart 
duo_Intestine 
nep_devel_Skin 
clu_Lung 
cty_Thyroid_glands 
sag_Salivary_gland 
kid_Kidney 
thg_Thyroid_glands 
lun_Lung 
aor_Aorta 
mgp_Mammary_gland 
bla_Bladder 
cbe_Brain 
spc_Spinal_cord 
fco_Brain 
pro_Prostata 
sug_Suprarenal_glands 
vin_Muscles 
pgl_Brain 
ova_Ovary 
sin_Intestine 
rec_Rectum 
fat_Fat 
hea_Heart 
ldo_Muscles 
ssp_Muscles 
ste_Muscles 
sme_Muscles 
gul_Oesophagus 
isp_Muscles 
bfe_Muscles 
lyg_Lymphatic_gland 
ski_Skin 
lin_Intestine 
tbr_Muscles 
ret_Eye 
tra_Trachea 
liv_Liver 
spl_Spleen 
tes_Testicle 

F50
F100-107
F115
Muscle/Heart
Intestine
Spinal cord
Brain

 
(
t
R
N
A
-
V
a
l
,
 
1
6
S
 
r
R
N
A
)
 

 
(
t
R
N
A
-
L
y
s
,
 
A
T
P
8
,
 
A
T
P
6
)
 

 
(
C
Y
T
B
)
 

 
(
N
A
D
H
5
,
 
N
A
D
H
6
,
 
t
R
N
A
-
G
l
u
)
 

 
(
t
R
N
A
-
M
e
t
,
 
N
A
D
H
2
)
 

 
(
t
R
N
A
-
L
e
u
,
 
N
A
D
H
1
)
 

 
(
1
2
S
 
r
R
N
A
)
 

 
(
t
R
N
A
-
A
l
a
,
-
A
s
n
,
-
C
y
s
,
-
T
y
r
)
 

 
(
C
O
I
I
I
)
 

 
(
N
A
D
H
3
)
 

 
(
t
R
N
A
-
A
s
p
,
 
C
O
I
I
)
 

 
(
N
A
D
H
4
L
,
 
N
A
D
H
4
)
 

 
(
C
O
I
,
 
t
R
N
A
-
S
e
r
)
 

Figure 2



A B

 0

 5000

 10000

 15000

 20000

 0  2000  4000  6000  8000  10000  12000  14000  16000

D
e

p
th

 o
f 

c
o

v
e

ra
g

e

A B C D E F G H I J K L M N O

Position along mitochondrion

Cluster consensus
EST-sequences

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 0  2000  4000  6000  8000  10000  12000  14000  16000

N
o

rm
a

lis
e

d
 C

o
u

n
ts

A B C D E F G H I J K L M N O

Base Position

M. Infraspinatus
Epidermis, Developmental

M. Masseter
Aorta

Figure 3



 cli_Liver 
 csp_Spleen 
 ece_devel_Brain 
 cag_Suprarenal_glands 
 cov_Ovary 
 elu_devel_Lung 
 eep_devel_Skin 
 nep_devel_Skin 
 eru_devel_Skin 
 ese_devel_Muscles 
 ill_Intestine 
 cly_Lymphatic_gland 
 ute_Uterus 
 eli_devel_Liver 
 nca_devel_Cartillage 
 cty_Thyroid_glands 
 eje_devel_Intestine 
 ldo_Muscles 
 nlu_devel_Lung 
 ecc_devel_Brain 
 ebs_devel_Spinal_cord 
 med_Mediastinum 
 nmm_devel_Rhinal_mucosal_membrane 
 mas_Muscles 
 nco_devel_Intestine 
 clu_Lung 
 spl_Spleen 
 mcp_Mammary_gland 
 nje_devel_Intestine 
 ton_Skin 
 jca_Cartillage 
 col_Intestine 
 hyp_Brain 
 hlv_Heart 
 fhi_devel_Brain 
 gul_Oesophagus 
 fcc_devel_Brain 
 isp_Muscles 
 mga_Mammary_gland 
 thg_Thyroid_glands 
 bfe_Muscles 
 lnt_Lymphatic_gland 
 mgp_Mammary_gland 
 vin_Muscles 
 ret_Eye 
 amn_Amnion 
 pty_Thyroid_glands 
 fce_devel_Brain 
 cbe_Brain 
 aor_Aorta 
 nms_devel_Muscles 
 rec_Rectum 
 sag_Salivary_gland 
 spc_Spinal_cord 
 sug_Suprarenal_glands 
 sme_Muscles 
 eye_devel_Eye 
 fbs_devel_Spinal_cord 
 lin_Intestine 
 fat_Fat 
 ski_Skin 
 ova_Ovary 
 jej_Intestine 
 kid_Kidney 
 sin_Intestine 
 tra_Trachea 
 fty_devel_Thyroid_glands 
 ste_Muscles 
 lun_Lung 
 hea_Heart 
 liv_Liver 
 tbr_Muscles 
 ssp_Muscles  

5
3
0
0
 

 
5
4
0
0
 

 
5
5
0
0
 

 
5
6
0
0
 

 
5
7
0
0
 

 
5
8
0
0
 

 
5
9
0
0
 

 
6
0
0
0
 

 
6
1
0
0
 

 
6
2
0
0
 

 
6
3
0
0
 

 
6
4
0
0
 

 
6
5
0
0
 

 
6
6
0
0
 

 
6
7
0
0
 

 
6
8
0
0
 

Figure 4



A B

 0

 0.002

 0.004

 0.006

 0.008

 0.01

 0.012

 0.014

 0.016

 5200  5400  5600  5800  6000  6200  6400  6600  6800  7000

C
o

v
e

ra
g

e

Position

Group A

eep
clu

ebs
ecc
eje
eru
nca
nco
nep
nje
nlu

nmm
ton

 0

 0.001

 0.002

 0.003

 0.004

 0.005

 0.006

 0.007

 0.008

 5200  5400  5600  5800  6000  6200  6400  6600  6800  7000

C
o

v
e

ra
g

e

Position

Group B

aor
bfe
fco
gul
lyg

mga
mgp

ret
ski
tra
vin

Figure 5



Additional files provided with this submission:

Additional file 1: additional_data_file1.pdf, 492K
http://www.biomedcentral.com/imedia/2002451326163756/supp1.pdf
Additional file 2: additional_data_file2.pdf, 147K
http://www.biomedcentral.com/imedia/1057932231163756/supp2.pdf
Additional file 3: additional_data_file3.pdf, 203K
http://www.biomedcentral.com/imedia/4990221081637563/supp3.pdf


	Start of article
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Additional files

