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Recalibrating Equus evolution using the genome
sequence of an early Middle Pleistocene horse
LudovicOrlando1*, AurélienGinolhac1*, Guojie Zhang2*, Duane Froese3, Anders Albrechtsen4,Mathias Stiller5,Mikkel Schubert1,
Enrico Cappellini1, Bent Petersen6, Ida Moltke4,7, Philip L. F. Johnson8, Matteo Fumagalli9, Julia T. Vilstrup1, Maanasa Raghavan1,
Thorfinn Korneliussen1, Anna-Sapfo Malaspinas1, Josef Vogt6, Damian Szklarczyk10{, Christian D. Kelstrup10, Jakob Vinther11{,
Andrei Dolocan12, Jesper Stenderup1, Amhed M. V. Velazquez1, James Cahill5, Morten Rasmussen1, Xiaoli Wang2, Jiumeng Min2,
Grant D. Zazula13, Andaine Seguin-Orlando1,14, Cecilie Mortensen1,14, Kim Magnussen1,14, John F. Thompson15,
Jacobo Weinstock16, Kristian Gregersen1,17, Knut H. Røed18, Véra Eisenmann19, Carl J. Rubin20, Donald C. Miller21,
Douglas F. Antczak21, Mads F. Bertelsen22, Søren Brunak6,23, Khaled A. S. Al-Rasheid24, Oliver Ryder25, Leif Andersson20,
John Mundy26, Anders Krogh1,4, M. Thomas P. Gilbert1, Kurt Kjær1, Thomas Sicheritz-Ponten6,23, Lars Juhl Jensen10,
Jesper V. Olsen10, Michael Hofreiter27, Rasmus Nielsen28, Beth Shapiro5, Jun Wang2,26,29,30 & Eske Willerslev1

The rich fossil record of equids hasmade them amodel for evolution-
ary processes1. Here we present a 1.12-times coverage draft genome
froma horse bone recovered frompermafrost dated to approximately
560–780 thousand years before present (kyr BP)2,3. Our data represent
the oldest full genome sequence determined so far by almost an order
of magnitude. For comparison, we sequenced the genome of a Late
Pleistocene horse (43 kyr BP), and modern genomes of five domestic
horse breeds (Equus ferus caballus), a Przewalski’s horse (E. f. prze-
walskii) and a donkey (E. asinus). Our analyses suggest that the Equus
lineage giving rise to all contemporary horses, zebras and donkeys
originated 4.0–4.5million years before present (Myr BP), twice the
conventionally accepted time to the most recent common ancestor
of the genus Equus4,5. We also find that horse population size fluctu-
ated multiple times over the past 2Myr, particularly during periods
of severe climatic changes. We estimate that the Przewalski’s and
domestic horse populations diverged 38–72kyr BP, and find no evid-
ence of recent admixture between the domestic horse breeds and the
Przewalski’s horse investigated. This supports the contention that
Przewalski’shorses represent the last survivingwildhorsepopulation6.
We find similar levels of genetic variation among Przewalski’s and
domestic populations, indicating that the former are genetically viable
andworthy of conservation efforts.We also find evidence for continu-
ous selection on the immune system and olfaction throughout horse
evolution. Finally,we identify 29genomic regions amonghorsebreeds
that deviate from neutrality and show low levels of genetic variation
compared to the Przewalski’s horse. Such regions could correspond to
loci selected early during domestication.
In 2003, we recovered a metapodial horse fossil at the Thistle Creek

site in west-central Yukon Territory, Canada (Fig. 1a). The fossil was

froman interglacial organic unit associatedwith theGoldRunvolcanic
ash, dated to 7356 88 kyr BP2,3 (Fig. 1b). Relict ice wedges below the
unit indicate persistent permafrost since deposition (Supplementary
Information, section 1.1), whereas the organic unit, hosting the fossil,
indicates a period of permafrost degradation, or a thaw unconformity7,
during a past interglacial as warm or warmer than present3, and rapid
deposition during either marine isotope stage 19, 17 or 15. This indi-
cates that the fossil dates to approximately 560–780 kyr BP. The meta-
podial shows typical caballine morphology, consistent with Middle
rather than the smaller Late Pleistocene horse fossils from the area
(Fig. 1c and Supplementary Information, section 1.2). This age is con-
sistent with small mammal fossils from this unit indicating a Late
Irvingtonian, or Middle Pleistocene, age3, and infinite radiocarbon
dates8.
Theoretical9 and empirical evidence10 indicates that this age appro-

aches the upper limit ofDNA survival. So far, no genome-wide informa-
tion has been obtained from fossil remains older than 110–130 kyr BP11.
Time-of-flight secondary ion mass spectrometry (TOF-SIMS) on the
ancient horse bone revealed secondary ion signatures typical of collagen
within the bonematrix (Fig. 2a and SupplementaryTable 7.1), and high-
resolution tandemmass spectrometry sequencing12 revealed 73proteins,
including blood-derived peptides (Supplementary Information, section
7.4). This is consistent with good biomolecular preservation, suggesting
possibleDNAsurvival. Therefore, we conducted larger-scale destructive
sampling for genome sequencing.
We used Illumina and Helicos sequencing to generate 12.2 billion

DNA reads from the Thistle Creek metapodial. Mapping against the
horse reference genome yielded,1.123 genome coverage. We based
the size distribution of ancient DNA templates on collapsed Illumina
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read pairs (Supplementary Fig. 4.4), yielding an average length of
77.5 base pairs (bp). The specimen is male based on X to autosomal
chromosome coverage (Supplementary Information, section 4.2b) and
the presence of Y-chromosome markers (Supplementary Informa-
tion, section 4.1d). Endogenous read content was lower for Illumina
(0.47%) than Helicos (4.21%) using standard8 or improved13 single-
strand template preparation procedures. This is probably due to 39 ends
available at nicks, resistance of undamaged modern DNA contamin-
ants to denaturation, and Helicos ability to sequence short templates.
Despite this, endogenous DNA content was .16.6–20.0-fold lower
than for Saqqaq Palaeo-Eskimo14 and Denisovan specimens15, both
sequenced to high depth.
Several observations support genome sequence authenticity. First, a

348-bpmitochondrial control region segment was replicated indepen-
dently (Supplementary Fig. 2.2 and Supplementary Information, sec-
tion 2.4). Second, phylogenetic analyses on data obtained with two
sequencing platforms in different laboratories are consistent (Sup-
plementary Fig. 8.4), ruling out post-purification contamination. Third,
autosomal, Y-chromosomal and mitochondrial DNA analyses place the
Thistle Creek specimen basal to Late Pleistocene and modern horses
(Fig. 3a and Supplementary Figs 8.1–8.4). Fourth, we found signs of
severe biomolecular degradation, including levels of cytosine deami-
nation at overhangs considerably higher than observed in 28 younger
permafrost-preserved fossils from the Late Pleistocene (Fig. 2c, Sup-
plementary Fig. 6.40 and Supplementary Table 6.1) and protein deami-
dation levels12,16 (Fig. 2b and Supplementary Information, section 7.5)
greater than those reported for younger permafrost-preserved bones.
Weadditionally sequencedgenomesofa43-kyr-old (pre-domestication)

horse (1.83 coverage), amoderndonkey (163; Supplementary Fig. 4.1),
5 modern domestic horses (Arabian, Icelandic, Norwegian fjord, Stan-
dardbred and Thoroughbred; 7.93–21.13) and one modern Prze-
walski’s horse (9.63; Supplementary Table 2.1), considered to possibly
represent the last surviving wild horse population.We used this data set
to address fundamental questions in horse evolution: (1) the timing of
the origins of the genus Equus; (2) the demographic history of modern
horses; (3) the divergence time of horse populations forming the Prze-
walski’s and domestic lineages; (4) the extent to which the Przewalski’s
horse has remained isolated from domestic relatives; (5) the timing of
gene expansionswithin the horse genome; (6) the identification of genes
potentially under selection during horse evolution.
AsnoacceptedEquus fossils exist before 2.0Myr BP4,5 (Supplementary

Information, section 9.1d), the date of the last common ancestor that

gave rise to extant horses versus donkeys, asses and zebras17 remains
heavily debated. Proposed dates extend as early as 4.2–4.5Myr BP on the
basis of palaeontological estimates18 to over 6.0Myr BP according to
molecular analyses19. We addressed this issue by taking advantage of
the established age for the Thistle Creek horse. As a sample cannot be
older than the population it belonged to, we explored a full range of
possible calibrations for the Equus most recent common ancestor
(MRCA) and calculated the divergence time between the populations
of the ancient Thistle Creek horse andmodern horses20 (Supplementary
Information, section 10.1). Calibrations resulting in divergence times
younger than the Thistle Creek bone age were rejected, providing a
credible confidence range for the MRCA of Equus. We found rates
consistent with the EquusMRCA living 3.6–5.8Myr BP to be compatible
withourdata (Fig. 3b andSupplementaryFigs10.1–10.3).Wealso found
support for slowermutation rates in horse than human (Supplementary
Information, section8.4 andSupplementaryTable8.5), implying amini-
mal date of 4.07Myr BP for the MRCA of Equus (Supplementary
Figs 10.1–10.3). We therefore propose 4.0–4.5Myr BP for the MRCA
of all living Equus, in agreement with recent molecular findings17

and the oldest palaeontological records for the monodactyle Plesippus
simplicidens, which some18 consider the earliest fossil of Equus. Our
result indicates that the evolutionary timescale for the origin of contem-
porary equid diversity is at least twice that commonly accepted.
Second, we reconstructed horse population demography over the

last 2Myr. The pairwise sequential Markovian coalescent (PSMC)
approach21 shows that horses experienced a population minimum
approximately 125 kyr BP, corresponding to the last interglacial when
environmental conditions were similar to now throughout their range.
The population expanded during the cold stages of marine isotope
stage (MIS) 4 and 3 as grasslands expanded. A peak was reached
25–50 kyr BP and was followed by an approximately 100-fold collapse,
probably resulting from major climatic changes and related grassland
contraction after the Last Glacial Maximum22 (Fig. 4 and Supplemen-
tary Figs 9.4–9.5). A similar demographic history was inferred from
Bayesian skyline reconstructions using 23 newly characterized ancient
mitochondrial genomes (Supplementary Fig. 9.6). These results sup-
port suggestions22 that climatic changes are major demographic dri-
vers for horse populations. PSMC analyses also revealed two earlier
demographic phases (Fig. 4b and Supplementary Figs 9.4–9.5), with
population sizes peaking 190–260 kyr BP and 1.2–1.6Myr BP, respect-
ively, followed by 1.7-fold and 8.1-fold collapses. Extremely low popu-
lation sizes were inferred approximately 500–800 kyr BP, a time period
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that covers the divergence time of the Thistle Creek and contemporary
horse populations. This result may relate to population fragmentation
when horses colonized Eurasia from America, in agreement with the
earliest presence of horses in Eurasia 750 kyr BP4.
We next investigated whether Przewalski’s horse indeed represents

the last survivor of wild horses. Native to the Mongolian steppes, this
horse was listed as extinct in the wild (IUCN red list23) but has been
reassigned to endangered after successful conservation and reintro-
duction. Using maximum likelihood phylogenetic analyses and topo-
logical tests (Supplementary Information, sections 8.2–8.3), we found
that the Przewalski’s horse genome falls outside a monophyletic group
of domestic horses. The MRCA of Przewalski’s and domestic horse
sequences dates to 341–431 kyr BP (Supplementary Table 8.3), a period
consistent with previous estimates6. We estimated the divergence time
between populations of Przewalski’s and domestic horses to approxi-
mately 38–72kyr BP (Supplementary Tables 10.4–10.6). Our 43 kyr BP
horse genome branched off before the Przewalski’s and domestic horse
lineages diverged (Fig. 3a). This specimen belonged to a population that
diverged fromthat leading tomodernhorses approximately89–167kyr BP

(SupplementaryFigs 10.1–10.3 andSupplementaryTable 10.5), providing
amaximal boundary for the youngerdivergencebetweenPrzewalski’s and
domestic horses.
Using quartet alignments andD statistics24 (Supplementary Informa-

tion, sections 12.1–12.3) we found no evidence for admixture between
the Przewalski’s horse and the individual horse breeds investigated in
this studyusing either thedonkeyor the ancientThistleCreekgenomeas
out-group (Supplementary Tables 12.1–S12.3). Scanning the Prze-
walski’s horse genome, we also found no long tracts of shared poly-
morphisms with domestic horses (Supplementary Fig. 12.3), as would
be expected if recent admixture occurred after the last wild individual
was captured in the 1940s25. Rather, we identified long tracts of variation
unique to the Przewalski’s horse genome, including genes involved in
immunity, cytoskeleton, metabolism and the central nervous system
that could have been specifically selected in this lineage (Supplemen-
tary Information, section 12.6). The average levels of polymorphism
present in thePrzewalski’s horse genomeare greater than those observed
in the Icelandic, Standardbred andArabianhorse genomes (Supplemen-
tary Fig. 5.5 and SupplementaryTable 11.10). Thus, unadmixed lineages
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Figure 2 | Amino acid, protein and DNA preservation of the Thistle Creek
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SIMS (Supplementary Information, section 7.1). The size of secondary ion
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c, Post-mortem DNA damage. Maximum likelihood estimates of cytosine
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are still present in the endangered Przewalski’s horse population, with
levels of allelic diversity that can support long-term survival of captive
breeding stocks despite descending from only 13–14 wild individuals25.
The sequencing of the horse reference genome showed increased

paralogous expansion rates in horses compared to humans and bovines

for certain functionally important gene families26 (Supplementary
Information, section 5.1c). Our data set revealed that a limited fraction
of horse paralogues (1.7%, representing 258 paralogues) showed no hits
among donkey reads, suggesting that most horse paralogues expanded
before the origin of the genus Equus some 4.0–4.5Myr BP. Among these
258 regions, 11 L1 retrotransposons and one copy of a keratin gene are
absent from the ancient Thistle Creek horse genome but present in the
43 kyr horse andmodern horses (Supplementary Table 5.3), suggesting
an expansionbefore theirMRCAsome500–626 kyr BP (Supplementary
Table 8.3). Similarly, 44 L1-retrotransposon paralogues were found
only in modern horse genomes (Supplementary Table 5.4), indicating
that expansion of L1 retrotransposons has remained active since then.
Finally, we identified loci potentially selected inmodern horses (Sup-

plementary Figs 11.1–11.2), focusing on regions showing unusual
densities of derived mutations (Supplementary Information, section
11.1). We caution that local variations in mutation and recombination
rates, as well as misalignments, may result in similar signatures at
neutrally evolving regions. Functional clustering analyses revealed
significant enrichment for immunity-related and olfactory receptor
genes (Supplementary Table 11.4), two categories also enriched for non-
synonymous single nucleotide polymorphisms (SNPs) (Supplementary
Information, section 5.2d). Additionally, we identified 29 regions show-
ing deviation from neutrality and significant reduction in genetic diver-
sity among modern domestic horses compared to Przewalski’s horse
(Supplementary Tables 11.8–11.9). Such regions could correspond to
loci that have been selected and transmitted to all horse breeds investi-
gated here after divergence from the Przewalski’s horse population,
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Figure 4 | Horse demographic history. a, Last 150 kyr BP. PSMC based on
nuclear data (100 bootstrap pseudo-replicates) and Bayesian skyline inference
based on mitochondrial genomes (median, black; 2.5% and 97.5% quantiles,
grey) are presented following the methodology described in Supplementary
Information, section 9. The Last Glacial Maximum (19–26 kyr BP) is shown in

pink.b, Last 2Myr BP. PSMCprofiles are scaled using the new calibration values
proposed for the MRCA of all living members of the genus Equus (4.0Myr,
blue; 4.5Myr, red), and assuming a generation time of 8 years (for other
generation times, see Supplementary Figs 9.4 and 9.5).

Figure 3 | Horse phylogenetic relationships and population divergence
times. a, Maximum likelihood phylogenetic inference.We performed a super-
matrix analysis of 5,359 coding genes (Supplementary Information, section
8.3a, 100 bootstrap pseudo-replicates) and estimated the average age for the
main nodes (r8s semi-parametric penalized likelihood (PL) method,
Supplementary Information, section 8.3c; see Supplementary Table 8.3 for
other analyses). Asterisk indicates previously published horse genomes.
b, Population divergence times. We used ABC to recover a posterior
distribution for the time when two horse populations split over a full range of
possible mutation rate calibrations (Supplementary Information, section 10.1).
The first population included the Thistle Creek horse; the second consisted of
moderndomestic horses. A conservative age range for theThistleCreek horse is
reported between the dashed lines (560–780 kyr).
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possibly related to domestication. These regions include genes for the
KIT ligand critical for haematopoiesis, spermatogenesis andmelanogen-
esis, and myopalladin involved in sarcomere organization.
Our studyhas pushed the timeframeofpalaeogenomics backby almost

an order of magnitude. This enabled us to readdress a range of questions
related to the evolution of Equus—a group representing textbook exam-
ples of evolutionaryprocesses. TheThistleCreek genomealsoprovidedus
withdirect estimatesof the long-termrateofDNAdecay27, revealing that a
significant fraction (6.0–13.3%) of short (25-bp) DNA fragments may
survive over a million years in the geosphere (Supplementary Fig. 6.42).
Thus, procedures maximizing the retrieval of short, but still informative,
DNAmay provide access to resources previously considered to be much
too old.Methods have recently been developed for increasing the sequen-
cing depth of ancient genomes15 but do not increase the percentage of
endogenous sequences retrieved. Overcoming this technical challenge
with whole-genome enrichment approaches, and lower sequencing costs,
will make retrieval of higher coverage genomes from specimens with low
endogenous DNA content practical and economical.

METHODS SUMMARY
Ancient horse extracts and DNA libraries were prepared in facilities designed to
analyse ancient DNA following standard procedures8,12. Protein sequencing was
performed using nanoflow liquid chromatography tandem mass spectrometry28.
DNAsequencingwas performed using Illumina andHelicos sequencing platforms8,13.
Readswere aligned to the horse reference genome26 and de novo assembled donkey
scaffolds using BWA29. Maximum-likelihood DNA damage rates were estimated
from nucleotide misincorporation patterns. Population divergence times were
estimated disregarding transitions to limit the impact of replication of damaged
DNA and following ref. 20 with quartet genome alignments instead of trios and
implementing approximate Bayesian computation (ABC).

OnlineContentAny additionalMethods, ExtendedData display itemsandSource
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS
Genome sequencing. All fossil specimens were extracted in facilities designed to
analyse ancient DNAusing silica-based extraction procedures30,31 (Supplementary
Information, section 2). A total number of 16 ancient horse extracts were built into
Illumina libraries (Supplementary Information, section 2) and shotgun-sequenced
at the Centre for GeoGenetics (Supplementary Tables 2.3 and 4.9). The full mito-
chondrial genome of a total number of 16 ancient horse specimens was captured
using MYselect in-solution target enrichment kit (Supplementary Information,
section 3.3b) following library construction32, and sequenced at Penn State/UCSC
(Supplementary Tables 2.4 and 4.10). The combination of shotgun sequencing
and capture-based sequencing performed in those two laboratories resulted in the
characterization of 23 novel pseudo-complete ancient horse mitochondrial gen-
omes (Supplementary Table 8.1). Additional sequencing was compatible with the
characterization of draft nuclear genomes of two ancient horse specimens (Sup-
plementary Tables 4.9 and 4.11): that of a Middle Pleistocene horse from Thistle
Creek (560–780 kyr BP), and that of a Late Pleistocene horse from the Taymyr
Peninsula (CGG10022, cal. 42,012–40,094 BC; Supplementary Table 2.3). The
Thistle Creek horse draft genome was characterized using Illumina (11,593,288,435
reads, Supplementary Table 3.2; coverage50.743, Supplementary Table 4.11) and
Helicos sequence data (654,292,583 reads, Supplementary Table 3.5; coverage50.38
3, Supplementary Table 4.11). Ancient specimens were radiocarbon dated at Belfast
14Chrono facilities (Supplementary Tables 2.3 and 2.4). The Middle Pleistocene
Thistle Creek horse bone is associated with infinite radiocarbon dates.
Modern equine genomes from five modern horse breeds (Arabian, Icelandic,

Norwegian fjord, Standardbred, Thoroughbred), one Przewalski’s horse individual
andone domestic donkeywere characterizedusing Illumina paired-end sequencing
(Supplementary Information, sections 3.1.b.3–3.1.b.4). DNA was extracted and
prepared into libraries (Supplementary Information, section 2.2) in laboratories
located in buildings physically separated from ancient DNA laboratory facilities.
Modern horse genomes were sequenced at the Danish National High-Throughput
DNA Sequencing Centre whereas the donkey genome was characterized at BGI,
Shenzen (Supplementary Information, 3.1). Trimmed reads were aligned to the
horse reference genome EquCab2.0 (ref. 26), excluding the mitochondrial genome
and chrUn, using BWA29 (Supplementary Information, section 4.2). We generated
a draft de novo assembly of the donkey genome using de Bruijn graphs as imple-
mented within SOAPdenovo33 (Supplementary Information, section 4.1.a), built
gene models using Augustus34 and SpyPhy35 (Supplementary Information, section
4.1.b), and identified candidate scaffolds originating from the X and Y chromo-
somes (Supplementary Information, sections 4.1.c and 4.1.d). Sequence reads were
also aligned against de novo assembled donkey scaffolds (Supplementary Inform-
ation, section 4.2). For all genomes characterized in this study, we estimated that
overall error rates were low (Supplementary Information, section 4.4.a), with
type-specific error rates inferior to 5.33 1024, except for ancient genomes where
post-mortem DNA damage inflated the GCRAT mis-incorporation rates (Sup-
plementary Table 4.12). Metagenomic assignment of all reads generated from the
Thistle Creek horse bone was performed using BWA-sw36 and mapping against a
customized database, which included all bacterial, fungal and viral genomes avail-
able (Supplementary Information, section 4.3).
Genomic variation. SNPs were called for modern genomes using the mpileup
command from SAMtools (0.1.18)37 and bcftools, and were subsequently filtered
using vcfutils varFilter and stringent quality filter criteria (Supplementary
Information, section 5.2).We compared overall SNP variation levels (Supplemen-
tary Information, sections 5.2b and 11.2; Supplementary Table 11.10) present in
modern horse genomes.We also compared genotypic information extracted from
the genomes characterized in this study to that of 362 horse individuals belonging
to 14 modern domestic breeds and 9 Przewalski’s horses38. Genotype and the
breed/population of origin were converted into PLINK map and ped formats39

and further analysed using the software Smartpca of EIGENSOFT 4.0 (ref. 40).
PCA plots were generated using R 2.12.2 (ref. 41) (Supplementary Figs 5.6–5.14).
Filtered SNPs that passed our quality criteria (Supplementary Information, section
5.2.a) were categorized into a series of functional and structural genomic classes
using the Perl script variant_effect_predictor.pl version 2.5 (ref. 42) available at
Ensembl and the EquCab2.0 annotation database version 65 (Supplementary
Information, section 5.2b). We also screened our genome data for a list of 36 loci
that have been associated with known phenotypic defects and/or variants
(Supplementary Information, section 5.2e and Supplementary Tables 5.19 and
5.20). We systematically looked in the donkey genome for the presence of genes
that have been identified in the horse reference genome as paralogues. This was
performed by downloading from Ensembl a list of 15,310 paralogues and extract-
ing genomic coordinates of the 15,171 paralogues that were located on the 31
autosomes and the X chromosome. We next calculated the average depth-of-
coverage of these regions using the alignment of donkey reads against the horse
reference genome. A total number of 258 paralogues exhibited no hit and were

putatively missing from the donkey genome.We further tested for the presence of
those paralogues in the different ancient horse genomes characterized here, using a
model where observed depth-of-coverage in ancient individual (Illumina data) is a
function of the depth-of-coverage observed in a modern horse male individual,
local %GC and read length (Supplementary Information, section 5.1c). A similar
model was used for identifying segmental duplications in modern equid genomes
(Supplementary Information, section 5.1b).
DNA damage. We estimated DNA damage levels in the Thistle Creek horse
sample and compared these to the DNA damage levels observed among other
Pleistocene horse fossil bones, all associated with more recent ages (Supplemen-
tary Tables 2.3 and 2.4). All fossil specimens analysed were permafrost-preserved,
limiting environmental-dependent variation in DNA damage rates43. DNA frag-
mentation and nucleotide mis-incorporation patterns were plotted using the
mapDamage package44 (Supplementary Information, section 6.2). We then
developed a DNA damage likelihood model after the model presented in ref. 45,
with slight modifications, where ancient DNA fragments consist of four non-
overlapping regions from 59 to 39 ends: (1) a single-stranded overhang; (2) a
double-stranded region that extends until a single-strand break is encountered;
(3) a double-stranded region that extends 39 of the single strand break previously
mentioned, and; (4) a single stranded overhang (Supplementary Information,
section 6.3 and Supplementary Fig. 6.39). All model parameters were estimated
usingmaximum likelihood. Confidence intervals were found by taking each para-
meter in turn and slowly adjusting that parameter whilemaximizing the likelihood
with respect to all other parameters until finding the points above and below with
likelihood 1.92 units below the maximum. Finally, we used the model framework
presented in ref. 27 to recover direct estimates of DNA survival rates from next-
generation sequence data (Supplementary Information, section 6.4).We restricted
our analyses (1) to the distribution of templates showing sizes superior to the
modal size category; and (2) to collapsed paired-end reads, as the size of the latter
corresponds to the exact size of ancient DNA fragments inserted in the DNA
library.
Amino acid and proteomic analyses.A sample of the Middle Pleistocene Thistle
Creek horse bone was embedded in Epothin resin under sterile conditions, cut and
polished until chemical analysis of the sample surface could be performed with
a time-of-flight secondary ion mass spectrometer (TOF-SIMS) instrument (Sup-
plementary Information, section 7). We also performed high-resolution mass
spectrometry (MS)-based shotgun proteomics analysis using two fragments from
theMiddle Pleistocene Thistle Creek horse bone (weighing 86 and 78mg, respect-
ively) in order to retrieve large-scale molecular information. The overall meth-
odological approach follows the procedure that was previously applied to survey
the remains of the bone proteome from threemammoth specimens living approx-
imately 11–43 kyr ago12, although with significant improvements (Supplemen-
tary Information, sections 7.2–7.3). Strict measures to avoid contamination and
exclude false-positive results were implemented at every step, allowing to confi-
dently profile 73 ancient bone proteins (from the attribution of 659 unique peptides
based on 13,030 spectra). Raw spectrum files were searched on a local workstation
using theMaxQuant algorithmversion 1.2.2.5 (ref. 46) and theAndromeda peptide
search engine47 against the target/reverse list of horse proteins available from
Ensembl (EqCab2.64.pep.all), the IPI v.3.37 human protein database and the com-
mon contaminants such as wool keratins and porcine trypsin, downloaded from
Uniprot. The spectra were also searched against the Uniprot protein database,
taxonomically restricted to chordates, and non-horse peptides were identified
and eventually removed. Proteomic datawere further compared to similar informa-
tion already generated from fossil specimens collected in Siberian permafrost and
temperate environments. Proteome-wide incidence of deamidation was estimated
in relationwithprotein recovery to further assess themolecular state of preservation
of ancient proteins.
Phylogenetic analyses. The CDS of protein-coding genes were selected from the
Ensembl website, keeping the transcripts with the most exons in cases where
multiple records were found for a single gene. We then extracted corresponding
genomic coordinates, filtered for DNA damage/sequencing errors, and aligned
each gene using MAFFT G-INS-i (‘ginsi’)48,49 (Supplementary Information, sec-
tion 8.3a). Phylogenetic analysis was carried out using a super-matrix approach.
First RAxML v7.3.250 was run to generate the parsimony starting trees. The final
tree inference was performed using RAxML-Light v1.1.151 and one GTRGAMMA
model of nucleotide substitutions for each gene partition (codon positions 1 and 2,
versus 3). Node support was estimated using 100 bootstrap pseudo-replicates.
Bootstrap trees were dated using ‘r8s’, using the PL method and the Truncated
Newton (TN) algorithm, with a smoothing value of 1,000 (ref. 52), or using the
Langley–Fitch (LF) method (Supplementary Information, section 8.3.c). The date
of the root node was constrained to 4.0–4.5Myr, the date of CGG10022 was fixed
to 43 kyr, and the date of the Thistle Creek specimen was constrained to 560–
780 kyr BP. We also performed phylogenetic analyses of whole mitochondrial
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genomes (Supplementary Information, section 8.1), Y chromosome (Supplemen-
tary Information, section 8.2) and a series of topological tests using approximately
unbiased tests as implemented in the CONSEL makermt program53 (Supplemen-
tary Information, section 8.3b).
Demographic reconstructions. Past population demographic changes were
reconstructed fromwhole diploid genome information using the pairwise sequen-
tially Markovian coalescent model (PSMC)21 and excluding sequence data origin-
ating fromsex chromosomes and scaffolds (Supplementary Information, section9).
For low coverage genomes (,203), we applied a correction based on an empirical
uniform false-negative rate. Three different generation times of 5, 8 and 12 years
were considered in agreement with the range of generation times reported in the
literature23,54–56. Mutation rates were estimated using quartet genome alignments
where the donkey was used as out-group (Supplementary Information, section
10.1c). We also reconstructed past horse population demographic changes by
means of Bayesian skyline plots using the software BEAST v1.7.2 (refs 57, 58)
(Supplementary Information, section 9.2). Complete mitochondrial genomes were
aligned and partitioned as described in Supplementary Information, section 8.1b,
and a strict clockmodelwas selected.We ran two independentMCMCchains of 50
million iterations each, sampling from the posterior every 5,000 iterations. We
discarded the first 10% of each chain as burn-in, and after visual inspection in
Tracer v1.559 to ensure that the replicate chains had converged on similar values,
combined the remainder of the two runs.
Population split. We followed the method presented in ref. 20 to estimate the
population divergence date of ancient and modern horses (Supplementary
Information, section 10.1). This method was also applied to date the population
divergence of Przewalski’s horses and domestic horses (Supplementary Informa-
tion, section 10.2), as both our phylogenetic analyses and admixture tests supported
those as two independent populations (Supplementary Information, sections 8.3
and 12). In this method, we focus on heterozygous sites in one of the two popula-
tions and randomly sample one of the two possible alleles (ancestral or derived) in
the individual belonging to the first population. Thenumber of times aderivedallele
is sampled (F statistics) can be used to recover a full posterior distribution of the
population divergence time using (serial) coalescent simulations and approximate
Bayesian computation (ABC) (Supplementary Information, section 10.1). For dat-
ing the divergence time between the Przewalski’s horse population and domestic
breeds, we also performed coalescent simulations using ms60 assuming different
divergence times in order to compute the expected relative occurrences of 4 geno-
type configurations (Supplementary Information, section 10.2b).We assumed that
no gene flow occurred after the population split, in agreement with the absence of
detectable levels of admixture. The divergence time was then estimated by mini-
mizing the root mean square deviation (r.m.s.d.) between observed and expected
genotype configurations. We minimized the r.m.s.d. using a golden search algo-
rithm. We repeated the minimization from different starting values to ensure
convergence.
Selection scans.We used quartet alignments including the donkey as out-group,
one ancient horse and two modern horses to scan for genomic regions where the
two modern horses shared unusual accumulation of derived alleles (Supplemen-
tary Information, section 11.1). We used a sliding window approach on the entire
genome, with a window size of 200 kb and calculated an unbiased proxy for
selection using the ‘delta technique’ (see for example ref. 61). We then used an
outlier approach to identify candidate loci with a conservative false-positive rate of
0.01. We further retrieved transcript IDs from the different genomic regions
identified and performed functional clustering analyses in DAVID62. We esti-
mated genetic diversity (theta Watterson) within the Przewalski’s horse popu-
lation and among modern horse breeds using sliding windows of 50 kb. For
this, we estimated the population scaled mutation rate and used an empirical
Bayes method where we took the uncertainty of the data into account by using
genotype likelihoods instead of calling genotypes.We computed the genotype like-
lihoods assuming a model similar to that of SAMtools version 0.1.18 (ref. 37)
(Supplementary Information, section 11.2). Genomic windows showing excessive
proportions of segregating sites with regards to species divergence (.5%) or cov-
erage ,90% were discarded. We estimated Tajima’s D following the same proce-
dure and identified genomic regions showing minimal Tajima’s D values and low
genetic diversity among breeds but not in the Przewalski’s horse population as a
conservative set of gene candidates for positive selection among modern horse
breeds. Finally, we scanned modern horse genomes for long homozygosity tracts,
which could be indicative of selective sweeps63.We used 2-Mb slidingwindows and
ignored sites showing coverage inferior to 8. This resulted in the identification of
456 outlier regions within 8 modern horse genomes.
Admixture analyses. In order to investigate if there was evidence for gene flow
between the Przewalski’s horse population and four modern horse domestic
breeds (Arabian, Icelandic, Norwegian fjord and Standardbred), we performed
ABBA-BABA tests20,24. To avoid introducing bias due to differences in sequencing

depth we based the tests on data achieved by sampling one allele randomly from
each horse at each site. First we used the domestic donkey as out-group, then the
Middle Pleistocene Thistle Creek horse. When using the Thistle Creek horse as
out-group we removed all sites showing transitions to avoid spurious patterns
resulting from nucleotide misincorporations related to post-mortem DNA
damage. We estimated the standard error of the test statistic using ‘delete-m
Jackknife for unequal m’ with 10-Mb blocks64 (Supplementary Information, sec-
tion 12.1).We also scanned genome alignments to record the proportion of shared
SNPs between Przewalski’s horse and each horse breed (Supplementary Informa-
tion, section 12.6), a proxy for recent admixture events that are expected to result in
the introgression of alleles from the admixer to the admixed genome and long
tracts of shared polymorphisms. Finally, we compared our Przewalski’s horse
individual to other individuals with different levels of admixture in their pedigree.
We extracted genotype information from the Przewalski’s horse genome for SNP
coordinates already genotyped across 9 Przewalski horse individuals38. Genotypic
information from twoMongolianhorseswas added as out-group.Wenext selected
the bestmodel of nucleotide substitution usingmodellgenerator v0.85 (ref. 65) and
performed maximum likelihood phylogenetic analyses using PhyML 3.0 (ref. 66)
(Supplementary Information, section 12.5). We further confirmed the phylogen-
etic position of our Przewalski’s horse individual together with Rosa (KB3838),
Basil (KB7413) and Roland (KB3063), three individuals for which no admixture with
domestic horses could be detected in previous studies25 by means of Approximate-
Unbiased (AU) andShimodeira-Hasegawa (SH-) tests, as implemented inCONSEL53.
Morphological analyses. We measured the metapodial of Thistle Creek early
Middle Pleistocene bone for 6 dimensions, despite incomplete preservation of
its distal end (Supplementary Information, section 1.2). Thesemeasurementswere
compared to 30 metatarsals of E. lambei, 9 metatarsals of E. cf. scotti of Klondike,
Central Yukon, Canada (Supplementary Information, section 1.2) and to extant
horses (Supplementary Information, section 1.3). Comparisons were made using
Simpson’s ratio diagrams that provide a standard and accurate comparison of both
size and shape, for a single bone or a group of bones (Supplementary Figs 1.2 and
1.3). We also measured taxonomically informative morphometric features on the
skull and post-cranial complete skeleton of the modern Przewalski’s horse spe-
cimen that was genome sequenced. We compared those to a collection of horse
measurements available for horses, filtering for specimens of similar age and using
principal component analyses (Supplementary Information, section 1.4).

30. Orlando, L. et al. Revising the recent evolutionary history of equids using ancient
DNA. Proc. Natl Acad. Sci. USA 106, 21754–21759 (2009).

31. Rohland, N. & Hofreiter, M. Ancient DNA extraction from bones and teeth. Nature
Protocols 2, 1756–1762 (2007).

32. Meyer, M. & Kircher, M. Illumina sequencing library preparation for highly
multiplexed target capture and sequencing. Cold Spring Harb. Protoc. 6, http://
dx.doi.org/10.1101/pdb.prot5448 (2010).

33. Luo, R. et al. SOAPdenovo2: an empirically improvedmemory-efficient short-read
de novo assembler. GigaScience 1, 18 (2012).

34. Stanke, M., Steinkamp, R., Waack, S. & Morgenstern, B. AUGUSTUS: a web server
for gene finding in eukaryotes. Nucleic Acids Res. 32, W309–W312 (2004).

35. Carlton, J. M. et al. Draft genome sequence of the sexually transmitted pathogen
Trichonomas vaginalis. Science 315, 207–212 (2007).

36. Li, H. &Durbin, R. R. Fast and accurate long-read alignmentwithBurrows-Wheeler
transform. Bioinformatics 26, 589–595 (2010).

37. Li, H. et al. The Sequence alignment/map (SAM) format and SAMtools.
Bioinformatics 25, 2078–2079 (2009).

38. McCue, M. E. et al. A high density SNP array for the domestic horse and extant
Perissodactyla: utility for association mapping, genetic diversity, and phylogeny
studies. PLoS Genet. 8, e1002451 (2012).

39. Purcell, S. et al. PLINK: a tool set for whole-genome association and population-
based linkage analyses. Am. J. Hum. Genet. 81, 559–575 (2007).

40. Patterson, N., Price, A. L. & Reich, D. Population structure and eigenanalysis. PLoS
Genet. 2, e190 (2006).

41. RDevelopmentCoreTeam. A languageandenvironment for statistical computing,
http://www.R-project.org (R Foundation for Statistical Computing, 2011).

42. McLaren, W. et al. Deriving the consequences of genomic variants with the
Ensembl API and SNP Effect Predictor. Bioinformatics 26, 2069–2070 (2010).

43. Smith, C. I., Chamberlain, A. T., Riley, M. S., Stringer, C. & Collins, M. J. The thermal
history of human fossils and the likelihood of successful DNA amplification.
J. Hum. Evol. 45, 203–217 (2003).

44. Ginolhac, A., Rasmussen,M., Gilbert, T.M.,Willerslev, E. &Orlando, L.mapDamage:
testing for damage patterns in ancient DNA sequences. Bioinformatics 27,
2153–2155 (2011).

45. Briggs, A. W. et al. Patterns of damage in genomic DNA sequences from a
Neandertal. Proc. Natl Acad. Sci. USA 104, 14616–14621 (2007).

46. Cox, J. & Mann, M. MaxQuant enables high peptide identification rates,
individualized p.p.b.-range mass accuracies and proteome-wide protein
quantification. Nature Biotechnol. 26, 1367–1372 (2008).

47. Cox, J. et al. Andromeda: a peptide search engine integrated into the MaxQuant
environment. J. Proteome Res. 10, 1794–1805 (2011).

LETTER RESEARCH

Macmillan Publishers Limited. All rights reserved©2013



48. Katoh, K., Misawa, K., Kuma, K. & Miyata, T. MAFFT: a novel method for rapid
multiple sequence alignment based on fast Fourier transform. Nucleic Acids Res.
30, 3059–3066 (2002).

49. Katoh, K. & Toh, H. Recent developments in the MAFFT multiple sequence
alignment program. Brief. Bioinform. 9, 286–298 (2008).

50. Stamatakis, A. RAxML-VI-HPC:maximum likelihood-based phylogenetic analyses
with thousands of taxa andmixedmodels. Bioinformatics 22, 2688–2690 (2006).

51. Stamatakis, A. et al. RAxML-Light: a tool for computing Terabyte phylogenies.
Bioinformatics 28, 2064–2066 (2012).

52. Sanderson, M. J. r8s: inferring absolute rates of molecular evolution and
divergence times in the absence of amolecular clock. Bioinformatics 19, 301–302
(2003).

53. Shimodaira, H. & Hasegawa, M. CONSEL: for assessing the confidence of
phylogenetic tree selection. Bioinformatics 17, 1246–1247 (2001).

54. Lippold, S., Matzke, N. J., Reissmann, M. & Hofreiter, M. Whole mitochondrial
genome sequencing of domestic horses reveals incorporation of extensive wild
horse diversity during domestication. BMC Evol. Biol. 11, 328 (2011).

55. Achilli, A. et al.Mitochondrial genomes frommodern horses reveal the major
haplogroups that underwent domestication. Proc. Natl Acad. Sci. USA 109,
2449–2454 (2012).

56. Warmuth, V. et al. Reconstructing the origin and spread of horse domestication in
the Eurasian steppe. Proc. Natl Acad. Sci. USA 109, 8202–8206 (2012).

57. Drummond, A. J. & Rambaut, A. BEAST: Bayesian evolutionary analysis by
sampling trees. BMC Evol. Biol. 7, 214 (2007).

58. Drummond, A. J., Suchard,M.A., Xie,D.&Rambaut, A. Bayesianphylogeneticswith
BEAUti and the BEAST 1.7.Mol. Biol. Evol. 29, 1969–1973 (2012).

59. Rambaut, A. & Drummond, A. J. Tracer v1. 5, http://beast.bio.ed.ac.uk/Tracer
(2009).

60. Hudson, R. R. Generating samples under aWright-Fisher neutral model of genetic
variation. Bioinformatics 18, 337–338 (2002).

61. Zhang, Z. Computational Molecular Evolution (Oxford Univ. Press, 2006).
62. Huang, D. W., Sherman, B. T. & Lempicki, R. A. Systematic and integrative analysis

of large gene lists using DAVID Bioinformatics Resources. Nature Protocols 4,
44–57 (2009).

63. Nielsen, R. Molecular signatures of natural selection. Annu. Rev. Genet. 39,
197–218 (2005).

64. Busing, F. M. T. A., Meijer, E. & Van Der Leeden, R. Delete-m Jackknife for Unequal
m. Stat. Comput. 9, 3–8 (1999).

65. Keane, T. M., Creevey, C. J., Pentony, M. M., Naughton, T. J. & McInerney, J. O.
Assessment ofmethods for amino acidmatrix selectionand their use onempirical
data shows that ad hoc assumptions for choice of matrix are not justified. BMC
Evol. Biol. 6, 29 (2006).

66. Guindon, S. et al. New algorithms andmethods to estimate Maximum-Likelihood
phylogenies: assessing the performance of PhyML 3.0. Syst. Biol. 59, 307–321
(2010).

RESEARCH LETTER

Macmillan Publishers Limited. All rights reserved©2013





Metagenomic 
assembly 

Gene calling on 
assembly sca!olds 

Select best assembly 

CD-Hit across all 
samples 

Gene catalogue 

As
se

m
bl

y 
&

 G
en

e "
nd

in
g 

Functional annotation  
and Protease "nding 

Realignment of QC 
passed reads to gene 

catalogue 

Count alignment 
observations 

Normalized 
abundance matrix 

Account for sample 
read abundance Ab

un
da

nc
e m

at
rix

 
Functional analysis  

Reassign annotation 



adownsized = a ∗A/Amin

adownsized

a

A

Amin









27

28

http://www.noaa.gov/ocean.html


2

µ
µ

µ







Manuscript in preparation 1

Comparative functional analysis of arctic marine metagenomes reveals
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ABSTRACT – The global Ocean represents the worlds largest continuous ecosystem, however, little
is known about the microbial functions present in the aphotic zone. The microorganisms that dwell in the
deep dark waters are numerous and play key roles in the ocean carbon cycle, which is of special interest in
connection to the global climate change. The polar oceans are highly affected by the temperature increase
and this emphasizes the need for a better understanding of the biological processes present throughout the
water column. The purpose of this study was to conduct a functional clustering of metagenome shotgun
DNA libraries of samples from the Arctic Ocean and the Southern Ocean and through the water column
reaching levels lower than 4,000 m. This dataset represents the deepest microbial samples from these oceans
to date. Furthermore, a comparative analysis was conducted to infer the functional differences between the
environments. The results indicated that the environmental factors differentiating through the first 300 m of
the water column are deciding factors for shaping the functional community, rather than spatial dispersal. The
mesopelagic samples were functional inseparable from the bathy- and abyssopelagic samples, indicating a
highly homogenous environment in the aphotic part of the ocean. Functions characterizing the aphotic zone
were iron uptake and utilization, phage and bacteria interactions, adhesion and motility and others, which in
general indicated a selection for copiotrophs in the deeper ocean.

KEY WORDS – Metagenomics, polar marine environment, Arctic, Antarctic, deep–sea, functional
analysis

1. Introduction
Approximately 70% of the Earth‘s surface is covered by
ocean and contains 97% of the planet‘s water. The marine
environment is considered to be one of the largest biomes
on Earth with 2.9 x 1027 cells in deep water (>200 m) to
3.6 x 1028 cells in surface water (<200 m) [58]. How-
ever, more than 95% of the underwater world remains un-
explored [48, 58], even though these microorganisms play
a pivotal role in the world‘s carbon cycle. In connection
to the global climate change, especially the polar oceans
are undergoing environmental changes and this empha-
sizes the need for a better understanding of the biological
processes conducted throughout the water column.
The Arctic Ocean and the Southern Oceans can be de-
scribed as extreme environments with low nutrition, low
surface temperatures, ice coverage and 24 hour solar ir-
radiation at summertime. Despite the similarities in envi-
ronmental factors, both oceans exhibit geographical dif-
ferences. The Southern Ocean encloses a continent and

the Antarctic Circumpolar Current (ACC) isolates its wa-
ter masses. The lack of freshwater inflow keeps the level
of salinity constant throughout the water column [44].
The Lomonosov Ridge divides the Arctic Ocean into the
Mesozoic Amerasian Basin and the Cenozoic Eurasia Ba-
sin. The ridge creates a natural barrier, which prevents
the basins‘ water to be mixed [10]. Moreover, the Arc-
tic Ocean water is surrounded by Canadian, Russian and
Greenlandic land masses and receives 10% of the world‘s
fresh water. This causes reduced salinity in the surface
water layer. Despite the geographical isolation of the Arc-
tic and Southern Oceans, they are connected by the global
thermohaline circulation allowing for water circulation be-
tween the poles. This, however, takes up to 1,000 years
[61].
The temperature of the arctic oceans varies little through-
out the water column. However, other environmental el-
ements change from surface to deep waters, such as light
penetration and organic matter concentration. Primary
producers are mostly present in the upper 200 m where
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light penetrates the water and their presence promotes a
general higher cell density compared to deeper environ-
ments [58]. Availability of sunlight directly influences
microbial growth and has a selective impact on the com-
munity structure [9].
Organic matter in oceans are present at varying concen-
trations and compositions along the depth gradient. La-
bile dissolved organic matter (labile DOM), including free
amino acids, sugars and proteins, is only present through
the photic zone in low concentrations of <1 µmol/L. Semi-
labile DOM exhibit a decreasing concentration with maxi-
mum <30 µmol/L at the surface to zero at a depth of 1,000
m [42]. They can persist over 1,000 years, which exceeds
the deep water circulation and creates a stable concentra-
tion of 40 µmol/L. Particulate organic matter (POM) also
play a prominent role in the ocean nutrition cycle because
it enables nutrition to sink to deeper levels of the water
column [40].
Microbial community studies have shown a vertical zona-
tion of microbial communities in oceans [12, 26, 62]. Tax-
onomic comparison of surface and deep water from the
Arctic Ocean and Southern Ocean did reveal a bipolar
distribution of bacteria (Hansen et al., unpublished) [18]
by comparing the surface and deep samples of the Arc-
tic and Southern oceans. Furthermore, previous studies of
temperate oceans also suggest depth to be the determining
factor for functional stratification [12, 26, 36, 56].
We hypothesize depth to be the determining factor for
functional clustering of metagenomic samples of the Arc-
tic Oceans and Southern Oceans. Furthermore, compara-
tive functional analysis of metagenomes of the polar oce-
ans reveals environmental strategies for the adaptation of
the microbial community to the extreme environment. Wa-
ter samples from the Arctic Ocean and the Southern Ocean
were collected during the Galathea III and LOMROG II
polar expeditions at varying depth. The samples represent
the whole water column ranging from 40 m to 4,300 m.
Moreover, water was sampled at the archipelago in close
proximity to the Antarctic Peninsula. These samples rep-
resent a coastal environment compared to the open ocean
samples. With these samples it is possible to statistically
investigate the functional stratification according to depth
and Arctic Ocean versus Southern Ocean.

2. Results
To conduct a comparative metagenomic analysis of the
marine environment at the arctic poles and throughout the
water column, 25 arctic marine water samples were ob-
tained (see Figure 1 and Table S1). In connection with
the LOMROG II expedition in August, 2009, eleven dif-
ferent locations in the Arctic Ocean were sampled, which
yielded sixteen samples. Both sides of the Lomonosov
ridge were sampled to represent the Mesozoic Amerasian

Basin and the Cenozoic Eurasia Basin [10]. Furthermore,
all sample locations were maximum 350 kilometers apart
and close to the North Pole. However the P20 sample was
located near Svalbard and was more distant.
Five different locations were sampled in Southern Oce-
ans during the Galathea III expedition in January, 2007,
which yielded nine different samples. Two sample loca-
tions represented a true open ocean environment, where
P10 was situated north from the ACC and P11 was po-
sitioned south from the current [44]. P12, P14 and P15
were all sampled within the archipelago near the Antarc-
tic Peninsula.
The 25 samples represent different ocean environments,
which are surface (40 m – 100 m), medium (300 m – 400
m) and deep (2,000 m – 4,300 m) of true ocean, where
the deep samples were taken relative to the ocean bot-
tom. Hence, the samples represent the whole water col-
umn. Furthermore, the archipelago samples represent a
coastal environment with varying depths (400 m – 1,500
m).
The measured temperature and salinity correlate with the
seasonally obtained data published in the World Ocean
Atlas [3, 53]. The temperatures ranged between -2°C and
2°C, except the surface and medium samples of P10, lo-
cated north from the ACC, which were around 7°C and
9°C respectively. The salinity of the arctic surface sam-
ples was highly affected by ice melting and fresh water
inlet and displayed concentrations between 31 PSU and
33.5 PSU. All other samples displayed stable concentra-
tions between 34 PSU and 35 PSU.
Metagenomic shotgun sequencing libraries of bacteria and
archaea were obtained from the water samples by exclud-
ing larger eukaryotes and viruses with filtering. Libraries
of paired-end sequences were obtained and the sizes ranged
from 1.38 Gb to 25 Gb after quality trimming. However,
the deep sample from P11 has been deeply sequenced
which gave 37.71 Gb (Table S1). These libraries were as-
sembled to contigs, which displayed an N50 between 774
and 40,444. The number of contigs ranged from around
1,000 up to 700,000. The sequencing statistics imply a
connection between lower sequencing coverage, higher
N50 and lower contigs and vice versa.
The metagenome shotgun sequences were used to assess
the taxonomic distribution of bacteria and archaea in the
samples. The results are displayed as pie charts in Fig-
ure 1, where the ten most abundant phyla in the individual
samples are included. Proteobacteria were the most abun-
dant phyla across the samples but also Actinobacteria, Fir-
micutes and Bacteroidetes were highly abundant and these
phyla did not display any preferences for a specific depth
or location except Actinobacteria, which showed a slight
preference for deeper waters in the south. Thaumarchaeota
and Chloroflexi showed a more clear tendency toward med-
ium and deep water and Acidobacteria and Deinococcus-
Thermus showed a preference toward deep and archipe-
lago environments.
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The data showed that a fairly large proportion of the as-
signed reads fall into the “other“ category and this implied
a long tail of rare phyla in the samples. Furthermore, be-
tween 19.56% and 85.01% of all sequences in the sample
libraries could not be assigned to any phyla. This indi-
cated that the samples were containing novel marine or-
ganisms that might also introduce a certain bias when as-
sessing the taxonomic distribution.
Over 5 million genes were identified after assembling all
25 metageomes, gene calling and clustering. All reads
were remapped to the non-redundant gene catalogue to
create the abundance matrix. Furthermore, the reads were
rarified and remapped. Figure 2 displays a functional rar-
efaction analysis, where number of genes from the gene
catalogue are displayed as a function of number of reads
in the individual samples. Samples from all four sam-
ple types, surface, archipelago, medium and deep, almost
reached a plateau at around 2 million genes, hence they
showed similar functional diversity. All deep samples dis-
played a similar curvature, however, surface, archipelago
and medium samples were deviant within sample groups.
This divergence could be explained by lower functional
diversity, however some samples also had a smaller li-
brary size and contributed less to the gene catalogue, re-
sulting in less functional coverage of the sample. This was
particularly evident for surface and medium samples from
the south.
Approximately 3 million genes could be annotated to over
16.000 ortholog groups (OGs) [39] and the gene abun-
dance matrix was rearranged to create a functional abun-
dance matrix. The Bray-Curtis dissimilarity measure was
calculated between the samples and the result is displayed
in an NMDS ordination plot, see Figure 3A [7]. All sam-
ples clustered within close proximity to each other and
displayed a low functional diversity between the samples.
Surface samples showed larger diversity and were dis-
tinct from the tight cluster of medium and deep samples.
Within the tight cluster, the medium and deep samples
from the North Pole were functionally inseparable, the
two southern deep samples diverged slightly from north-
ern cluster and medium samples from south were clus-
tering together with the surface samples. The archipe-
lago samples clustered together with surface samples and
these two environments did not separate from each other
on a functional basis. Metadata, including depth, tem-
perature, salinity and geographic location, was fitted as
vectors onto the ordination plot. Depth and location af-
fected the sample clustering in the NMDS plot with sta-
tistical significance (p-values of 0.00281 and 0.00195 re-
spectively). Salinity also showed statistical significance
(p-value of 0.02711), however to a lesser extend. Tem-
perature seemed not to affect the ordination and was not
statistically significant.
In order to compare the functional composition through-
out the water column all OGs found in surface, medium
and deep samples were displayed in a ternary plot (see

Figure 3B). The distribution of the functions between the
three environments created two broad clusters. One clus-
ter moved vertically up through the middle of the plot to-
ward the surface environment and a second cluster spread
out across the bottom of the triangle. The vertical clus-
ter in the plot represented many functions, which were
shared between all three sample types. The cluster were
slightly skewed towards the medium environment, hence
surface samples displayed an environment more similar
to the medium environment than the deep. However, only
few OGs were uniquely shared between surface and med-
ium. The upper corner of the triangle was populated by
many data points and the associated functions displayed a
unique preference for the surface environment.
The bottom of the triangle represented a low abundance
in surface and the cluster consisted of functions present
mostly in deep and medium samples, with a slight trend
towards medium samples. Almost all functions in this
cluster were equally shared between medium and deep
and only few OGs favored a specific depth, which was
evident by the few data points present in the lower cor-
ners of the triangle.
To further investigate the functional diversification through-
out the water column, OGs over 90% and less than 5%
present in surface samples compared to medium and deep
samples were extracted from the ternary plot and a statis-
tical Kruskal-Wallis one way analysis of variance was uti-
lized to identify statistic significantly different abundant
OGs between surface, medium and deep [28]. Approx-
imately 47% of the identified OGs, had no known func-
tion associated and were excluded from the dataset. In
total, 176 diverse functions were identified and these are
displayed in a heatmap, see Figure S1, where 26 OGs ex-
hibited higher abundance in surface samples and 150 OGs
displayed higher abundance in the medium and deep lay-
ers. Clusters of OGs that preferred either the medium or
deep environment were not detected.
The OGs were divided into functional subgroups and three
of the most prominent were iron uptake and utilization,
phage and bacteria relations and adhesion and motility,
which are displayed as heatmaps in Figure 4. Iron uptake
and utilization seemed to be higher abundant in deeper
samples (see Figure 4A). OGs like isochorismatase hydro-
lase (NOG138795) and TonB related proteins including
the ExbD/TolR biopolymer transport protein (NOG121145,
NOG243700 and NOG252395) were identified. The iso-
chorismatase hydrolase conducts an important step in the
siderophore synthesis [19]. These siderophores binds ex-
tracellular ferric iron and are then transported into the cell
via the TonB transport system to provide the organism
with vital ferric iron from depleted surroundings [41, 60].
Three different OGs with heme binding proteins were also
identified (NOG74099, NOG118022 and NOG83915). Ex-
tracellular heme binding proteins bind heme molecules
outside the cell and then enters the cytoplasm via an ABC
transport system [37]. Furthermore, heme containing pro-
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teins binds O2, NO, H2S and CO and are key players in
respiration and signalling [37]. The identified protopor-
phyrinogen oxidase (NOG145956) and uroporphyrinogen-
III decarboxylase (NOG72702) participate in the bacterial
heme biosynthesis, which supplies the heme molecules
for metalloproteins. Of other deeper metalloproteins, a
hemerythrin HHE cation binding protein (NOG145840),
Quinohemoprotein amine dehydrogenase (NOG73521)
and a NADH-quinone oxidoreductase (NOG145840) were
found. Hemerythrin have been shown to responds to NO
and oxidative stress [8, 45, 50]. Furthermore, the quino-
hemoprotein amine dehydrogenase participates in degrad-
ing complex amines in the periplasm to provide electrons
for energy production [17]. In general, iron-sulfur clus-
ters are important participants in various metabolisms in
cell. The identified NADH-quinone oxidoreductase con-
tains eight or nine clusters and participates in electron
transport chains. Also, a protein involved in iron sulfur
cluster assembly (NOG242690) have been identified.
Figure 4B displays OGs which have connections to phage
and bacteria relations. The phage-related lysozyme (COG
3772) was the only phage related function found signif-
icantly for the surface environment. These types of pro-
teins are participating in the lytic cycle, where the phage
lyses the host cell to release the newly synthesized phages
[29]. In the deeper waters, functions pointing towards
a lysogenic phage strategy were present. The Mu-like
prophage FluMu protein gp28 (COG4373) indicated the
presence of a Mu-type prophage, who integrates into bac-
terial genomes. This integration occurs through proteins
involved in DNA integration (NOG10655) and transpos-
ases (COG5659, NOG247136, NOG149091 and NOG
236938), however transposases participate in general lat-
eral gene transfer of transposons and are not only con-
nection to prophages. OGs that participate in bacterio-
phage defence systems were also identified in the med-
ium and deep samples. To prevent phages from recog-
nizing specific receptors on the bacterial cell wall, ex-
opolysaccherides block the phage recognition sites, where
capsular polysaccharide synthesis proteins (NOG41724)
are responsible for producing these [29]. Furthermore,
CRISPR-Cas systems associated functions (COG3513 and
COG3649) were present in the deeper samples, which are
identified as phage defence mechanisms [29]. Abortive
infection proteins, represented by two OGs (NOG138780
and NOG10149), participate in a different defence mecha-
nisms, where the proteins target crucial steps in the phage
multiplication, which often leads to cell death [29]. One
of the well known defence systems against bacteriophages
are the restriction modification systems, where the host
DNA is methylated by methylase/methyltransferase and
recognized by endonucleases and restriction enzymes,
which will degrade foreign non-methylated DNA [29].
Several methylases/methyltransferases, restriction enzy-
mes and endonucleases (COG0827, COG1002, NOG83182,
NOG246631, NOG45993, NOG81569, COG4797 and

NOG09292) were identified in the medium and deep data.
However, methylases/methyltransferases and endonucle-
ases have various biological functions and could partic-
ipate in other pathways than the restriction modification
system.
OGs with connections to motility and adhesion also seem
to be prominent in the deeper waters (see Figure 4C). Al-
pha integrin proteins (NOG146018) are well character-
ized adhesion mediators, which contain the extracellular
FG-GAP repeat region acting as specific adhesion recog-
nition sites [47, 52]. Proteins involved in biological adhe-
sion and cell-cell adhesion (NOG149619 and NOG245115)
also provide receptors directed towards specific adhesion.
These receptors are often carbohydrate binding proteins
(NOG85828), also called lectins, where the specific car-
bohydrate are the actual recognition site [2]. Furthermore,
two potential membrane bound lipoproteins were identi-
fied (NOG76757 and COG1724). They can act as ad-
hesins, however they posses many diverse biological func-
tions [59]. The lipopolysaccharide kinase (NOG42907)
and the proteins involved in positive regulation of lipopro-
tein lipase (NOG81106) are key enzymes in lipoprotein
synthesis [38, 63]. Capsular polysaccharide proteins
(NOG41724), mentioned earlier to be important in phage
defence systems, also play a role in adhesion, where the
extracellular polysaccharides act as receptors and as a sti-
cky mass that will adhere to various surfaces [2]. Further-
more, adhesion molecules with a Ig like domain (NOG
257069) have been shown to mediate intimin cell-cell ad-
hesion [23]. In connection with motility, an OG for an
anti-activator of flagellar biosynthesis, FleN (COG0455),
has been identified in the deeper samples. This function
has been shown to regulate polar flagella synthesis [11].
Besides functions connected to iron uptake and utiliza-
tion, phage and bacteria relations and adhesion and motil-
ity, OGs associated to carbon source and energy metabo-
lisms were identified (Figure S1). In the surface, OGs
describing metabolisms of small sugar molecules like tre-
halose, maltose and lactose (COG1554 and NOG130892)
were identified, whereas functions participating in degra-
dation of larger polysaccharides like polygalacturonan, he-
micellulose, cellulose, starch, pectin and alginate were
found in medium and deep samples (COG5434, NOG
70431, NOG147608, NOG71025, COG4692, NOG04112,
COG3387, NOG45527 and NOG39328). Evidence of me-
thanogens was also found in the deeper samples. The for-
mylmethanofuran dehydrogenase (NOG1153) is a molyb-
denum binding iron-sulfur protein that participates in the
reduction of autotrophic carbon dioxide [5]. Autotrophic
lifestyle and energy production by sulfur oxidation was in-
dicated by the oxidation protein, SoxZ (NOG19503) [16].
At last, the deeper samples contained many functions con-
nected to DNA repair (COG2094, NOG39498, NOG
135388, NOG09685, COG1669, COG3298 and NOG0929)
and regulation and signaling (NOG71309, NOG237274,
NOG252009, COG0631, NOG235513, NOG252472,
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NOG85867, NOG148303, NOG242754, NOG14654,
COG2319, NOG68923, COG4455, NOG149909, NOG
146568 and NOG71620), where functions participating in
photosynthesis were identified in surface samples (NOG
04867, NOG04871, NOG05023, NOG06447 and NOG
08121) (see Figure S1). To infer the differences between
the coastal and open ocean environment, the three archi-
pelago samples were compared to the six true open ocean
surface, medium and deep samples from the south. The
ratio of the mean abundance of the OGs are displayed in
a ratio plot (see Figure 5A). The 26 OGs with log ratios
>4 were classified as being higher abundant in true ocean
and the 1350 OGs with log ratios <-4 were classified as
being higher abundant in coastal waters. Hence, many
functions were characterizing the coastal environment and
a large proportion of these had zero abundance in the true
ocean samples. An interesting group of functions found
in the coastal environment were polysaccharide degrad-
ing enzymes that act on xylan, alginate, agarose, hemicel-
lulose, glycogen and pectin (NOG14217, NOG139342,
NOG10914, NOG84929, NOG05353, COG3408, NOG
73253 and NOG82826). Furthermore, functions involved
in denitrification and sulfur oxidation were found includ-
ing small indications of aerous nitrogen fixation (COG4263,
NOG133395, NOG123068, NOG78981, NOG72070,
NOG13638, NOG118539 and NOG19503). Otherwise,
many of the coastal OGs assigned to unknown or general
functions like cytochromes, ribosomal proteins and gen-
eral transporters. No functional pattern could be inferred
of the 26 true ocean OGs. The two deep samples from the
south pole (P10D and P11D) were deeply sequenced and
suitable for making a comparison between the two poles.
P22D and P23D were chosen for the comparison, where
the average abundance was compared between northern
and southern samples and displayed in a ratio plot, as
described for the comparison between open ocean and
coastal samples (see Figure 5B). Based on the distribution
of the data, OGs with a log ratio >2 were classified as
abundant in deep South Pole samples and ratios <-2 were
classified as abundant in deep North Pole samples. The ra-
tio plot created a more symmetric pattern and the number
of GOs assigned to a specific geographic location were
fairly similar with 928 OGs abundant in northern samples
and 535 OGs abundant in the southern samples, where the
total number of OGs is 8,068. Most of the functions as-
signed to the identified OGs were of general character or
unknown and southern functions complemented functions
found in northern samples. Hence, it was not possible
to identify potential functional subgroups that differenti-
ated the two geographic locations. However, the distri-
bution of Mu-phage functions indicated the presence of
specific phages at the North Pole (COG4228, COG4373,
COG4396, COG4388, COG4397, COG3941, COG4382,
COG4383, COG4387, COG5003, COG4384, COG4381,
COG5005, COG4379, COG4386).

3. Discussion
To our knowledge, this work represents the first study of
the whole water column of the Arctic Ocean and also in-
cludes reference samples from the Southern Ocean using
a metagenomic shotgun sequencing approach. A com-
parative analysis of functions that persisted in epipelagic,
mesopelagic and bathy- to abyssopelagic zones of the South-
ern Ocean and Arctic Ocean revealed a diverse surface
layer compared to a functional inseparable medium and
deep environment at the north pole (Figure 3). Surface
and deep samples from the two poles clustered together
and indicated that the environmental factors through the
water column decides the functional composition of these
marine micro communities despite the large geographic
separation. An enquiry of depth specific OGs revealed
functional traits like photosynthesis in the surface but also
information on iron uptake and utilization, phage and bac-
teria relations and adhesion and motility (Figure 4). The
taxonomic distribution of microorganisms in the samples
was investigated to reveal the composition and potential
stratification through the water column and from pole to
pole. All phyla identified in the taxonomic analysis are
well known for their presence in ocean habitats and the
data did not reveal any pole specific phyla [6, 12, 15, 36,
49]. The abundance of Actinobacteria, Thaumarchaeota,
Chloroflexi, Acidobacteria in medium, deep and archipe-
lago samples indicated a taxonomic stratification through
the water column. These result correlated with the find-
ings from the 16S rDNA gene amplicon analysis conducted
on the same DNA samples (Hansen et al., unpublished).
However, the 16S rDNA gene amplicom analysis revealed
a higher resolution of a depth specific community struc-
ture in the Arctic Ocean, which is also confirmed by other
studies [4, 18, 20]. The assessment of the taxonomic dis-
tribution from metagenomic data is highly dependent on
the individual genome sizes as smaller genomes will con-
tribute less to the abundance measured. Furthermore, no
existing database covers all microbial genomes in the ocean
and this is evident from the many unknown reads in the
data (unknown reads made up 19.56% to 85.01% of the
samples) and probably, the database is biased toward well
researched phyla. Hence, these parameters might intro-
duce bias in the abundance assessment. However, the
metagenomic data identified phyla which were not reported
by Hansen et al., unpublished, like Firmicutes, Spirochaetes,
Fusobacteria, Denioccocus-Thermus and Tenericutes, which
indicate that the metagenomic classification of taxa cir-
cumvent the primer specificity bias introduced in a 16S
rDNA gene amplicon analysis, however the abundance
measure suffers from the sparse coverage of whole genome
sequences of marine organisms.
The functional rarefaction analysis did not indicate any
differences in functional richness between surface, archi-
pelago, medium and deep samples. Even though the cell
density in deeper water is ten times lower than at the sur-
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face and nutrition is very sparse [42, 58], the organisms
residing in the meso- to abyssopelagic zones display an
equally complex metabolic composition within the sam-
ple as the surface community. All samples seem to satu-
rate around 2.5 million genes per sample and this is ev-
ident by looking at the deeply sequenced P11D, which
displays the same curvature as the other deep samples,
however, with twice the sequence depth. Some archipe-
lago, surface and medium samples saturates at lower gene
counts and this is tightly connected to the genes called in
the assembly and a higher curvature might be observed
with deeper sequencing. This means that the resolution
for these samples might be too low to observe all depth
specific functions in the comparative analysis.
The NMDS plot indicated patterns of functional stratifi-
cation through the water column (Figure 3A). The surface
samples created a diverse cluster compared to the tight
medium and deep cluster and the southern medium sam-
ples appeared in an intermediate zone between surface
and deeper water samples. This suggests that the func-
tional differentiation through the water column in the Arc-
tic Ocean is most prominent the first 300 meters and only
limited differentiation occurs between the mesopelagic and
bathy- to abyssopelagic zone, regarding the survival and
persistence strategies for marine microorganisms. This
is also evident when observing the ternary plot, where
only few functions show a unique preference for either the
medium or deep samples (Figure 3B). Furthermore, the
Southern Ocean surface and deep samples clusters with
samples of the same depths from the Arctic Ocean and
this suggest that environmental factors are the directing
parameter for functional composition of a microbial com-
munity rather than dispersal distance.
Functional depth stratification is also found in more tem-
perate oceans citeDeLong2006,Konstantinidis2009b,Martin-
Cuadrado2007b,Thureborn2013, however, a differentia-
tion between the bathypelagic and mesopelagic layer was
also observed [12]. Martin-Cuadrado et al. [36] finds
bathypelagic samples from the warmer mediterranean sea
to resemble subtropical Pacific Ocean mesopelagic sam-
ples and suggests temperature as the deciding factor for
this functional clustering [12]. Since the temperature dif-
ferences in the Arctic Ocean are limited, this might ex-
plain the clustering of the medium and deep samples.
The 16S rDNA gene amplification analysis by Hansen et
al., unpublished showed a clear phylogenetic stratifica-
tion through the water column. Combined with the cur-
rent functional results, this indicates that deep or medium
specific organisms display similar means of survival in
the meso- to abyssopelagic zones. In general, the func-
tional metagenomic data display a tighter clustering com-
pared to the phylogenetic clustering (Hansen et al., un-
published). This indicates a core set of functions that are
shared between the three environments and these are evi-
dent from the ternary plot, where many common functions
can be observed. These common functions are well rep-

resented in the gene catalogue and with more sequencing
depth, lower abundant functions might be revealed and a
better differentiation between the samples might be ob-
served.
The depth specific OGs were selected in a two step pro-
cess, where differential abundance was ensured by cal-
culating the mean abundance ratio between surface and
deeper samples. Furthermore, a uniform presence over
the samples and a statistical significant difference was cal-
culated by the Kruskal-Wallis test, to exclude all OGs
only present in few samples and not representative for the
epipelagic or meso- to abyssopelagic environment. More
OGs, which represent the medium and deep environment,
were identified compared to unique surface OGs. The
medium and deep samples represents a more homoge-
nous environment and this possible yielded more com-
mon OGs. Furthermore, many of the OGs identified in the
metagenomes were of unknown functions, hence, the sub-
groups found in this data are not representing the whole
picture of a deep sea lifestyle and many more mystery
functions need to be resolved.
Not surprisingly, OGs of photosynthesis functions were
characterizing the surface community. Otherwise, iron
uptake and utilization seemed to be important characteris-
tics for deeper environment. The dissolved iron profile of
the Arctic Ocean separates from other oceans because it is
highly affected by the freshwater inflow and the presence
of continental shelves, which supplies the surface water
with high iron concentrations [24]. However, the pro-
nounced halocline prevents the ocean water from mixing
and this creates a iron depleted environment in the deep
sea, while the high amounts of iron resides in the upper
layers [24, 25]. This dissolved iron stratification might
explain the abundance of iron uptake apparatus in deeper
samples.
Carbon is another growth limiting factor in the ocean and
there is some evidence of autotrophic lifestyles, especially
in the deeper samples. However, enzymatic functions in-
volved in polysaccharide degradation were abundant in
the deeper samples, whereas evidence of smaller sugar
metabolism was identified in the surface. The presence
of polysaccharide degrading enzymes in deep marine or-
ganisms indicates a copiotrophic lifestyle, where these en-
zyme are regulated according to the presence of nutrients
[27]. In connection, many functions involved in signalling
and regulation were abundant in the meso- to abyssopelagic
zones, which also indicates the presence copiotrophs [31].
In the nutrition depleted deep ocean the carbon sources
are thought to be marine snow, carcasses or other nutri-
tion rich lumps, which create a heterogeneous environ-
ment with nutrition rich zones. The data suggest that deep
marine organisms have developed the ability to move to-
ward and adhere to potential nutrition pellets and other-
wise stay in a dormant like state with low metabolic activ-
ity [31, 56].
The data analysis also revealed information about phage



Manuscript in preparation 7

and bacteria relations in the samples. Evidence of lytic
phages was found in the surface, whereas deeper samples
indicated the presence of lysogenic phages. This trend
could be caused by the lower cell density generally found
in deep ocean and this correlation between cell number,
ocean depth and phage strategy in the ocean have been
reported elsewhere [14, 54, 57]. Furthermore, phage de-
fence mechanisms were more abundant in deeper sam-
ples. Lauro et al. [32] suggests the presence of more
phage defence systems in copiotrophic bacteria compared
to oligotrophic bacteria, which are less susceptible for phage
attack due to the slow growth [55]. Hence, this further
indicates an enrichment of a copiotrophic lifestyle in the
meso- to abyssopelagic zones.
The ratio plot comparing the archipelago samples and south-
ern true ocean samples revealed many OGs unique to the
coastal environment. Many of these were of unknown
or general functions and this result could be caused by
a larger phylogenetic distance between the environments
and differential community composition. An interesting
observation for the coastal samples was the variety of abun-
dant polysaccharide degrading enzymes, where many of
them were acting on molecules connected to algae. The
upwelling in coastal areas combined with larger algae blo-
oms could explain the presence of the diverse algae de-
grading toolbox found near the coast [1]. Furthermore,
the coastal upwelling can potentially create areas in the
water with low oxygen levels and high presence of nitro-
gen sources and promote denitrification. This could ex-
plain the presences of functions involved in denitrification
in the archipelago [13]. Anoxic environments could also
promote bacteria involved in sulfur reduction and oxida-
tion [51].
The aphotic part of the ocean is the largest ecosystem on
the planet and is dominated by microorganisms. It dis-
plays highly similar environmental conditions like stable
salinity and temperatures [43]. Looking at the taxonomic
composition across the poles, the communities are diverg-
ing, however, to a less degree, than through the water
column (Hansen et al., unpublished [18]. The functions
found to differentiate the bathypelagic zones of the South-
ern Ocean and Arctic Ocean indicates that these differenti-
ations are more related to the taxonomic composition and
that the two locations are inseparable on a functional level.
More samples would introduce a better statistic ground
and higher resolution to compare the deep ocean of the
North and South Pole.

4. Materials and Methods
Sequencing and assembly
The arctic ocean water samples were collected and the
DNA was purified according to Hansen et al., unpublished.
The metagenomic library preparation and sequencing were

done according to Kampmann et al. [22]. In short, the wa-
ter samples were obtained and microbes were collected on
a 0.2 mm filter after a 2.0-mm pre-filtration. DNA was
purified by phenol chloroform extraction and prepared for
sequencing using the NEBNext Quick DNA Sample Prep.
Master Mix 2 (New England BioLabs Inc., Ipswitch, MA,
USA). DNA was amplified by PCR and sequenced as 100
bp paired end on an Illumina HiSeq 2000 (Illumina, San
Diego, CA, USA). The sequencing adaptors were removed
and sequencing reads were trimmed with a custom script
(trimming of 10 leading bases, minimum base quality 20,
minimum average quality 20). Paired-end and singleton
reads were assembled with Meta-IDBA [46] (mink=21,
maxk=99, step size of 6) respectively, resulting in two
separate assemblies for each metagenome.

Taxonomic annotation
The trimmed reads are aligned to different reference data-
bases, one database after another, using BWA-MEM [33].
Reads were aligned to target organisms with 50% identity
at any coverage percentages over 13 base-pairs of map-
per scores which were calculated as the read length sub-
tracted by the number of mismatches, insertions and dele-
tions. Target organisms include (1) Microbial complete
genomes (NCBI, August 2012) and (2) Microbial draft
genomes (NCBI, September 2012). Remaining unmapped
reads were mapped against the complete nucleotide da-
tabase (NCBI, July 2012) using Bowtie2 [30]. If reads
mapped to too many organisms, the organism with the
biggest mapper-score, i.e. the least mismatches, insertions
and deletions, is chosen. However, if various organisms
entitle the highest mapper-score for a particular read, only
one organism is chosen randomly. The lowest common
ancestor on phylum level was selected for visualization.

Non-redundant gene catalogue
MetaGeneMark [64] (default parameters) and Prodigal (co-
don table 11) [21] were used for gene finding. All pre-
dicted genes of all metagenomes were pooled into one
bin and homology reduced with CD-HIT-EST (-c 0.95,
-n 8, -l 100, -aS 0.9) [35] to create the arctic marine en-
vironment gene catalogue. All reads of a metagenome
were remapped to the gene catalogue with bwa [34] (de-
fault parameteres) to create a gene abundance matrix. A
mapped read pair to one gene was considered as one ob-
servation. If just one mate of a pair mapped to one gene, it
was also considered as one observation. However, if each
paired-end read mapped to different genes, the mapping
was considered as two observations. Mapped singletons
were always treated as one observation. Rarefaction steps
were calculated as intervals from the remapping process
described above. The number of mapped observations
populates the abundance matrix with n columns (number
of metagenomes) and m rows (number of genes). The
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abundance matrix was normalized for the read abundance
of the most low abundant metagenome (Equation 1).

adownsized = a ∗A/Amin

adownsized: downsized gene abundance
a: gene abundance
A: sample read count
Amin: overall minimal sample read count

(1)

Gene catalogue annotation
All translated genes of the gene catalogue were aligned
to the eggNOG database version 4 [39] including all cu-
rated orthologous groups (COGs) and non-curated orthol-
ogous groups (NOG) and their proteins with BLASTP
E-value<1E-5. The best hits annotation was resumed.
The annotation was transferred to the abundance matrix.
Genes annotated to the same function were summed up.
north vs south: Two samples of the north pole and south
were selected according to sequence depth. All functions
of the samples were selected from the functional gene cat-
alogue and the mean -log2 ratio was calculated for each
orthologous groups and plotted according to the ratio size.
The same ratio was calculated for the 6 south samples and
3 archipelago samples.

Functional analysis
To create an ordination plot of the ocean samples, the
normalized COG abundance matrix was log transformed
and a Bray-Curtis dissimilarity was calculated between
the samples and displayed in an NMDS plot [7]. To ob-
served functional differences throughout the water col-
umn, the abundance of the COG functions were used to
create a triangular plot of the surface, medium and deep
samples. All unknown functions were excluded and a
Kruskal-Wallis test between surface, medium and deep
samples was conducted on functions that were more than
90% and less than 5% present in surface samples [28].
Based on investigations of the p-value distribution (see
Figure S2) a cutoff of 0.001 was chosen for OGs less than
5% present and a cutoff of 0.01 was chosen for samples
more than 90% present. Samples of the north (P22 deep
and P23 deep) and south (P10 deep and P11 deep) were
selected according to sequence depth. All functions of
the samples were selected from the functional abundance
matrix and the mean -log2 ratio was calculated for orthol-
ogous groups and plotted according to the ratio size. The
same was done to infer the differences between the coastal
and open ocean environment, the three archipelago sam-
ples were compared to the six true open ocean surface,
medium and deep samples from the south. The ratio of the
mean abundance of the OGs. Two samples of the Arctic
Ocean (P10D and P11D) and two samples of the South-
ern Ocean (P22D and P23D) were selected according to

sequence depth. All functions of the samples were se-
lected from the functional gene catalogue and the mean -
log2-ratio was calculated for each orthologous groups and
plotted according to the ratio size. The same ratio was cal-
culated for the six samples of the Southern Ocean (P10D,
P11D, P10M, P11M, P10M, P10S and P11S) and the three
Archipelago samples (P12, P14 and P15).
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Figure 1: The figure represents metadata and taxonomic distribution
of 25 water samples collected during the Galathea III and LOMROG II
polar expeditions. The taxonomic distribution of each sample is indi-
cated as pie-charts together with the temperature. Proteobacteria are
the most abundant phyla across the samples. All sample temperatures
range from -2°C to 2°C, expect the surface and medium samples of lo-
cation P10 (7°C and 9°C respectively).The positioning of the pie-charts
represents the sampling depth. The blue background coloring scheme
represents salinity ranging from 34 PSU to 35 PSU in most samples.
The salinity of the arctic surface samples displayed concentrations be-
tween 31 PSU and 33.5 PSU.



Figure 2: Rarefaction curves for surface (A), medium (B) and deep (C)
samples, reads were remapped to the non-redundant gene catalogue.



Figure 3: The figure presents the functional clustering of surface,
medium, deep and archipelago samples. The NMDS plot displays func-
tional correlation of all 25 samples (A). The triangular displays the rela-
tive abundance of functional annotation of genes annotated to eggNOG
database (B). A cutoff of 5% and 90% relative to surface were chosen for
further analysis.



Figure 4: Heatmap displaying OG abundance for three functional cat-
egories; A: Iron and other metals, B: phages, C: adhesion and motility.
OGs were clustered with Euclidean distance (A and B) and Manhattan
distance (C).



Figure 5: Log2 mean abundance ratio of archipelago versus Southern
Ocean samples (A) and Arctic versus Southern Ocean samples (B). OGs
with log-ratios >4 were classified as being higher abundant in true ocean
and the OGs with log-ratios <-4 were classified as being higher abundant
in coastal waters. OGs with a log-ratio >2 were classified as abundant in
deep South Pole samples and log-ratio <-2 were classified as abundant
in deep North Pole samples.



Figure S1: Heatmap displaying the OG abundance. 176 diverse func-
tions were identified, the functions‘ eggNOG identifiers are displayed. 26
OGs showed higher abundance in surface samples and 150 OGs displayed
higher abundance in the medium and deep layers. Clusters of OGs that
preferred either the medium or deep environment were not detected.
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Figure S2: P-value distribution of Kruskal-Wallis test between surface,
medium and deep samples on functions that were more than 90% (left)
and less than 5% (right) present in surface samples. A p-value cutoff of
0.001 was chosen for OGs less than 5% present and a cutoff of 0.01 was
chosen for samples more than 90% present.
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Teknologien 
(I denne sektion skal opfindelsen beskrives sammen med udviklingsstadiet) 

 
Beskriv opfindelsen 
(Beskriv opfindelsens hovedtræk og det teknologiområde, opfindelsen angår, på en alment forståelig måde. Kopier gerne 
figurer og grafer ind, vedhæft gerne yderligere materiale og udvid skrivefeltet hvis nødvendigt) 
The invention consists of novel dna sequences encoding peptide-cleaving enzymes, proteases, that function at 
low temperature (below 25 C). 
 
The sequences were obtained under the research project ”DNA of the Polar Seas”. This includes water 
samples collected at two Danish marine research expeditions: The 2006-2007 Galathea3 expedition and the 
2009 LOMROG-II expedition. The samples were collected in international waters close to either Antarctica or 
the geographic North Pole. 
 
Large volumes of water (50-300 liters) were filtered for microorganisms (between 0.2 – 2.0 microns in size), dna 
was extracted and sequenced using a shot-gun metagenome approach. 
 
Sequence reads were assembled  


Beskriv udviklingsstadiet 
(Er der f.eks. en fungerende prototype, er nogle delelementer blevet testet, eller hvilke indikationer er der på, at dette ville 
kunne fungere) 
 

 
 



 

Danmarks Tekniske Universitet 
 

Anker Engelunds Vej 1 
Bygning 101 A 
2800 Kgs. Lyngby 

Tlf.  45 25 25 25 
Fax  45 88 17 99  

patentadm@adm.dtu.dk 

        

  Side 4 
 
 

 

Beskriv det kommende års forventede resultater inklusiv forventede udfordringer 
(Hvilket forsknings- og udviklingsarbejde forventes at gøres som styrker opfindelsen teknisk eller kommercielt, og hvor ser I 
de største udfordringer?) 
In the coming year we expect to team up with a strong experimental partner that can test some of the identified 
proteases in relevant assays. This will require expertise in gene cloning, expression and purification and 
running assays testing the function of the enzymes at various temperatures. 
 
The biggest challenge will be to find a partner where all of the expertise mentioned above is present and 
running routinely. If a sinlge, strong partner is not identified, it will be difficult to manage testing as the inventors 
have little activity in the laboratory. 
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Exploiting the polar marine environment for bioprospecting: novel
protease discovery
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ABSTRACT – Proteases with an annual sale worth of 1.5 – 1.8 billion US dollars are a valuable
resource for the industry. They find applications in industries such as leather manufacturing, food processing,
detergents, pharmaceuticals and bioremediation.
The industrial demand for novel enzymes prompted us to search for proteases, which have adapted to the
extreme environments of the polar oceans. Here we describe a comprehensive in silico metagenomics screen
where we analyze 26 metagenomes from the polar marine environment sampled at depths between 40 m
and 4300 m. We present the distribution of proteolytic enzymes across all families and subfamilies, which
might be potential candidates for expression trials. This work provided a pivotal step toward identification of
proteases with novel catalytic activities from polar marine environments. We anticipate that our findings can
bridge exploratory science with novel biotechnological processes and innovations.

KEY WORDS – metagenomics, enzymes, proteases, bioprospecting, deep-sea, polar oceans

1. Introduction
Microorganisms are essential in today’s efforts to produce
secondary metabolites [18, 26] and enzymes [5, 8]. In
this context the term bioprospecting has been coined for
the systematic search for these products in environmental
samples.
In the search for new enzymes, much effort has been di-
rected towards extremophiles. These microorganisms in-
habit environments characterized by extreme physical or
chemical conditions and consequently have evolved en-
zymes with correspondingly extreme properties [5].
The arctic deep–sea environment can be described as ex-
treme due to its obvious characteristics, such as constant
low temperature, depletion of light and almost famine con-
ditions. This habitat is a fertile ground for bioprospecting
as its natural resources are abundant and have not been
fully exploited for extremophilic enzymes. The industrial
applicability and high value of proteases has increased the
demand for discovery of proteases more adapted to the
specific conditions of particular industrial processes.
This study focuses on proteolytic enzymes (proteases),
which represent one of the most diverse enzyme classes
with an estimated annual sale worth of 1.5 – 1.8 billion

US dollars [12, 31]. Proteases find industrial applications
within leather manufacturing, food processing, pharma-
ceuticals, detergents and bioremediation [1, 3, 10, 16, 19].
Detergent proteases, with an annual market of about 1
billion US dollars, account for the largest protease ap-
plication segment [31]. Identification and expression of
proteases from extreme environments have been reported
[21, 29, 32]. There has only been one report of a ma-
rine metagenome derived protease, which involved isola-
tion and characterization of a metalloprotease from deep-
-sea sediment metagenomic libraries [15]. To our knowl-
edge no extensive in silico protease mining of polar ma-
rine (deep-sea) environments has been conducted to date.
Here we present a workflow for identifying protease se-
quences across all families and subfamilies from metage-
nomic data. 26 metagenomes were obtained from envi-
ronmental samples collected during the Galathea III and
LOMROG II expeditions at a depth range of 40 – 4,300m.
The temperatures within those regions range from -2◦C
to 2◦C. However, the medium sample taken north of the
Antarctic Circumpolar Current (sample 10M) displays a
warmer environment, with a measured temperature of 7◦C.
The concentrations were relatively stable between 34 PSU
and 35 PSU, except in the surface samples from the North
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Pole, which ranged from 31 to 33.5 PSU.
Within those extreme environmental samples we identi-
fied 2,707 novel protease candidates, which cannot be found
in public databases or metagenomic datasets.

2. Results
The study compasses 26 metagenomes, which were col-
lected during the polar marine expeditions Galathea III
and LOMROG II. Water samples at 16 different locations
and also at varying depths were collected.
The assembled metagenomes were scanned with the two
gene prediction algorithms Prodigal and MetaGeneMark.
Prodigal is optimized for microbial gene calling, whereas
MetaGeneMark is designed for gene calling in metagen-
omes and novel prokaryotes. Combining the results of the
two gene prediction algorithms yields a total of 13,919,017
predicted coding sequences in the 26 metagenomes. To
quantify the gene contribution of each gene caller for each
sample, the called genes were combined and clustered us-
ing CD-HIT (Figure 1). The sampled specific clustered
gene count (Figure 1 blue bar) exceeds the number of
genes called by Prodigal alone (Figure 1 red bar), but is
generally lower than the number of genes called by Meta-
GeneMark. To remove gene redundancy between sam-
ples, the gene catalogue of >13million genes was ho-
mology reduced using CD-HIT. The non-redundant polar
marine metagenome gene catalogue consists of 5,218,92
genes in total when the longest gene of a cluster was used
as representative. In this catalogue, 972,738 genes (18,6%)
were called by Prodigal and 4,246,189 genes (81,4%) were
called by MetaGeneMark.
The translated genes were aligned to Swiss-Prot using
BLASTp and the annotation of the best hit was resumed.
626,257 translated genes can be annotated to proteins in
the Swiss-Prot database (Figure S1) out of which 16,278
(2,6%) are acting on peptide bonds (Figure 2A, plots were
created using Krona [22]). Metallo, serine and cysteine
family proteases are most abundant in the non-redundant
gene catalogue.
For targeted protease discovery, a proteases specific search
workflow was applied; the non-redundant gene catalogue
was searched with protease specific hidden Markov mod-
els (HMMs). A detailed procedure for creating the HMMs
is provided in the methods section. The search led to
the identification of 37,861 potential proteases of which
19,328 sequences (51%) originate from deep-sea samples,
8,694 sequences (23%) from medium depth samples and
9,839 sequences (26%) from surface samples. The HMM
and BLASTp annotated proteases share a sequence over-
lap of 12,350 sequences. The HMM workflow is able to
pick up most alignment based annotated sequences but

also identifies potential targets which are not part of Swiss-
-Prot. To identify potential protease sequences that are
unique to the polar marine environment samples collected
for this study, the 37,861 candidate sequences were aligned
to UniProt and assembled metagenomes obtained from
CAMERA using BLASTp and tBLASTn. The parsing pa-
rameters were adjusted so that even weak sequence simi-
larities were captured. This led to the removal of 35,154
sequences (92.8%) due to homology to the query databases
and or datasets. A detailed overview of the aligned pro-
tease sequences is provided in Table 1.
2,707 (7.2%) protease sequences can only be found in
the polar marine gene catalogue. Out of these proteases,
1,531 sequences originate from deep-sea samples, 540 from
medium depth samples and 636 from surface samples (Fig-
ure S2). After novelty enrichment we find that the per-
centage of proteases originating from deep-sea samples
slightly increases from 51% to 56,6%. We were able to
identify 47 sequences belonging to the A protease family
sequences, 137 C protease family, 965 M family, 1325 to
the S family, 203 to the T protease family and 28 to the
U protease family (Figure S2). A detailed overview of the
subfamily distribution is provided in Figure S3.
In order to get an understanding of the sequence identity
between the identified protease sequences, the 37,861pro-
tease sequences before novelty enrichment and the 2,707
protease sequences after novelty enrichment were homol-
ogy clustered according to MEROPS families and the 10
most abundant MEROPS subfamilies.
The cluster counts drop rapidly when the cluster threshold
is decreased before novelty enrichment (Figure 3 A and
C). However, after novelty enrichment, the cluster count
decreases slower when decreasing the sequence identity
threshold for clustering (Figure 3 B and D). This indicates
that novelty enrichment does not just remove sequences,
which are present in other environments and databases,
but also decreases the relative inter-sequence diversity.
Industrial enzymes are preferably secreted from a heterol-
ogous production organism. This way, the enzyme is re-
leased to the medium and cell disruption can be avoided
which makes the downstream processing less complicated.
In order to narrow down the list of candidates for potential
industrial applications, the 2,707 sequences were scanned
for signal peptides via SignalP 4.1. 687 sequences have a
signal peptide, indicating extracellular proteases.

3. Discussion
In silico mining for proteases in metagenomes has not
been reported as extensively as the study we present. In
general there are only few reports of proteases derived
from metagenomic studies available [14]. Most bioprospect-
ing efforts or screening for novel enzymes are driven by
functional metagenomics [5, 6, 20, 34] and do not fully



Manuscript 3

exploit the potential of sample sequencing. With func-
tional metagenomic approaches one might not be able to
express enzymes, which may be valuable for industrial
processes. The presented workflow does not depend on
prior protein expression for identifying target sequences
and makes full use of the sequencing data by assembly
and gene prediction. Already targeted sequences are more
likely to be successfully expressed in an expression host.
The HMM approach, which incorporates Novozymes in-
ternal database of characterized proteins, makes identifi-
cation of proteases superior over alignment based annota-
tion via BLAST. The HMM based protease finding yields
25,511 potential protease sequences more than a BLAST
based approach. With our workflow we are able to find
12,350 sequences, which were also found by a BLAST
alignment. However, the HMMs were not able to annotate
3,296 sequences, which the BLAST approach was able
to identify. Furthermore, novelty enrichment ensures that
these particular sequences have no known close homo-
logues, neither in the public database UniProt nor in other
metagenomes, including other marine metagenomes.
The polar marine environment is a resource, which has not
fully been exploited for extremophilic proteases. To date,
only one report of a marine metagenome-derived protease
exists which is based on the isolation and characterization
of a metalloprotease from a deep-sea sediment metage-
nomic library [15]. In our study we identified over 2,000
protease sequences of polar marine samples of depths up
to 4,300 m. To our knowledge no specific in silico stud-
ies have been conducted to search for proteases in polar
marine metagenomes of such depths. Applications of ex-
tremophilic proteases from the polar marine metagenomes
could be high catalytically efficient enzymes at low tem-
perature suitable for the detergent market. The detailed
mapping on protease subfamily level presented here en-
abled us to identify a large variety of proteases including
serine proteases, which may be important for the deter-
gent industry.
Extracellular proteases catalyze the hydrolysis of large
proteins to smaller molecules for subsequent absorption
by the cell. The objective of cloning bacterial protease
genes has mainly been the overproduction of enzymes for
various commercial applications in food, detergent or phar-
maceutical industries [27]. We were able to identify 687
of such protease sequences with an intrinsic signal pep-
tide sequence. Excreted proteins are preferred targets for
industrial scale expression as issues such as intracellular
aggregation inclusion bodies can be avoided. However,
intracellular proteases may still be of industrial interest as
heterologous expression can be achieved through the de-
sign of fusion proteins or addition of heterologous signal
peptides [9].
We anticipate that expression trials of sequences identi-
fied in our study would contribute to industrial processes
which benefit from the adaptation of microbes to the po-
lar marine environment. With our approach we are able

to analyze the metagenomes in a resource efficient way
to screen for potential industrial targets. The number of
sequences can be narrowed to a manageable number to
screen for proteolytic activity at small scale. Also enrich-
ing for novelty seems prudent to show the potential of the
metagenome compared to already published data.

4. Conclusion
From our study we highlight the possibility of mining
large metagenomic datasets for proteolytic enzymes, even
at subfamily level. It makes it possible to computation-
ally screen large amounts of data and identify potential
protease sequence targets for laboratory heterologous ex-
pression trials. We also included novelty enrichment to
ensure that this particular sequence cannot be found in
public protein databases (UniProt) or other metagenomes.
With this approach the costs for expression trails can be
avoided until the suitable targets are identified.

5. Methods
Samples
Arctic Ocean samples were collected in August 2009 in
connection with the LOMROG II expedition at various lo-
cations. The sample locations were situated on both sides
of the Lomonosov Ridge close to the pole, hence the sam-
ples represent both the Mesozoic Amerasian Basin and
the Cenozoic Eurasia Basin and were obtained beneath the
multi year sea ice [4]. Furthermore, one sample (sample
number 20) was collected closer to Svalbard. The sam-
ples represents three areas of the water column, surface
(50 – 100 m), medium (300 – 400 m) and deep (2000 -
– 4,300 m), which represent the epipelagic, mesopelagic
and bathypelagic to abyssopelagic zone respectively. The
deep samples were collected relative to the total depth
which range from 2650-4460 meters and give a full repre-
sentation of the water column. The samples were denoted
as S (surface), M (medium) and D (deep).
Eight samples were collected at five locations in January
2007 as part of the Galathea III expedition. The five sam-
ple locations cover three different geographical areas, where
samples at location 10 were located in the South Pacific,
north of the ACC, the location 11 samples in the South-
ern Ocean, south of the ACC and location 12, 14 and 15
were sampled near the Antarctic Peninsula [23]. The sam-
ple locations near the peninsula were situated in the north-
ern archipelago and represents a coastal environment with
sample depths ranging from 400 – 1,500 m. Samples from
location 10 and 11 fall under the surface, medium and
deep categories mentioned above.
Detailed methods descriptions are provided in the follow-
ing section. An overview of the procedure is shown in
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Figure 4.

Gene finding and homology clustering
The 26 metagenomic samples were assembled with Idba-
UD [24] respectively. MetaGeneMark with default pa-
rameters [33] and Prodigal [11] with the universal codon
table 11 were used for gene finding. Full-length genes
were translated with a custom Perl script. The predicted
genes of all metagenomes were pooled into one bin and
homology reduced with CD-HIT-EST [17] to create the
arctic marine gene catalogue. The sequence identity was
set to 0.95, word size of 8, minimum length of 100 and
alignment coverage for the shorter sequence of 0.9.

Gene annotation
The translated gene catalogue was aligned to Swiss-Prot
release 2013 04 via BLASTp. The hits were parsed for
90% coverage over an alignment length of 50% of the
query, bit score >50 and E-value <1e-05. The annotation
of the best hit was resumed. The E.C. number was used
for enzyme annotation and the MEROPS flag for protease
annotation.

Protease-specific hidden Markov models
Hidden Markov models (HMM) models were created based
on peptidases defined in MEROPS, release 9.7 [28]. The
MEROPS database groups peptidases into clans, fami-
lies, and subfamilies. However, to create very specific
HMM models, HMMs were constructed based on individ-
ual peptidases in MEROPS (e.g. A02.063), using nearby
homologues in known sequence space (UniProt release
2012 11 [2] and Novozymes internal protein database).
The up to 500 nearby homologues were identified using
BLASTp against the peptidases catalytic domain, using
a length-dependent E-value cut-off, with a preference for
including Swiss-Prot proteins with a known enzyme clas-
sification. For typical 200 – 400 amino acid domains,
the E-value cutoff will be around 1e-20. A given pro-
tein could only be assigned to the closest peptidase in
MEROPS, and thus never used in multiple models. The
catalytic domain of each peptidase was extracted and a
multiple alignment was created using MAFFT [13], and
the HMMs constructed using HMMER3s hmmbuild [7].
In total, 3207 HMMs were constructed and used in the
screen of the non-redundant polar marine gene catalogue.

Alignment
The HMM annotated protease sequences were aligned to
UniProt release 2013 04 [2] by BLASTp and publicly avail-
able metagenomic assemblies available from the CAM-
ERA database [30], accessed March 2013, by tBLASTn.
A total of 12 metagenomic assemblies were downloaded.

Blast hits were parsed with the following parameters; cov-
erage >50%, bit score >50 and E-value <1e-05.

Family and Subfamily diversity
The protease target sequences identified by the specific
HMM approach were divided into MEROPS families and
the 10 most abundant MEROPS subfamilies. The families
and subfamiles were homology clustered with CD-HIT.
The word size was set to 3 for sequence identities of 0.5
and 0.6, and increased to 5 for sequence identities of 0.7
to 1.0. The same was done for the 2,707 sequences after
novelty enrichment.

Extracellular expression
The novelty enriched protease sequences were analyzed
for evidence of extracellular expression by running Sig-
nalP 4.1 [25]. Default threshold parameters were used for
parsing.
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Figure 1: Genes found across samples with the gene finding programs. Prodi-
gal and MetaGeneMark. Genes were clustered using CD–HIT
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Table 1: Number of aligned proteases to CAMERA metagenome assemblies
and public databases

Number of aligned protease sequences
Database Total Deep Medium Surface

Acid Mine Drainage Metagenome 1,241 640 353 248
Waseca County Farm Soil Metagenome 9,101 4,737 1,958 2,406

Global Ocean Sampling Expedition 33,125 16,469 7,824 8,832
Mediterranean Gutless Worm Metagenome 6,349 3,366 1,379 1,604

13 Healthy Human Gut Metagenomes 9,069 ,4949 1,929 2,191
Moore Marine Microbial Sequencing 25,544 13,086 5,768 6,690
Moore Marine Phage/Virus Genomes 100 46 33 21

Mouse Gut Community 432 235 79 109
Termite Gut Metagenome 1,295 703 320 272

Washington Lake Metagenomes 14,139 7,437 3,124 3,578
Whale Fall Metagenome 12,160 6,428 2,341 3,391

Swiss-Prot 15,436 7,868 3,675 3,893
TrEMBL 30,795 15,606 7,127 8,062
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ABSTRACT – Background: The Venus flytrap (Dionaea muscipula) is renowned from Darwins early
studies on plant carnivory and the origins of species. A fascinating feature of D. muscipula is its rapid snap
trapping movement triggered by mechanical stimulation of specialized sensory hairs. To provide tools to
further analyze the evolution and functional genomics of D. muscipula, we sequenced a normalized cDNA
library from mRNAs of snap traps and flowers, and assembled a basal transcriptome. As earlier studies
identified great variation in genome size among members of a single carnivorous family, we also determined
the genome size of D. muscipula.
Results: We sequenced a normalized cDNA library synthesized from mRNA isolated from D. muscipula
flowers and traps. Using the Oases transcriptome assembler we assembled 79,165,657 quality trimmed reads
into 80,806 cDNA contigs, with an average length of 679 bp and an N50 length of 1,051 bp. A total of 17,047
unique proteins were identified, and assigned to Gene Ontology (GO) and classified into functional categories.
A total of 15,547 full-length cDNA sequences were identified, from which open reading frames were detected
in 10,941. Comparative GO analyses revealed that D. muscipula is highly represented in molecular functions
related to catalytic, antioxidant, and electron carrier activities. Also, using a single copy sequence PCR-based
method we estimate that the genome size of D. muscipula is ~3 Gb, almost 50 times larger than that of
carnivorous Genlisea margaretae.
Conclusion: We present the sequencing, assembly and functional annotation of a normalized transcriptome
of D. muscipula. We highlight the quality of normalized cDNA libraries to cost-effectively provide good
coverage of both low and high abundant transcripts of Gb-sized genomes such as D. muscipula. Our genome
and transcriptome analyses will contribute to future research on this fascinating, monotypic species and its
heterotrophic adaptations.

KEY WORDS – Venus flytrap, transcriptome, annotation, genome size

1. Introduction
Darwin was fascinated by the unusual adaptations of car-
nivorous plants during his often frustrating studies of the
evolution of flowering plants which he referred to as an
abominable mystery [13, 14]. Darwin published his trea-
tise on insectivorous plants after roughly a decade of study
[10]. In this work he noted that the Venus flytrap (Dionaea
muscipula) was one of the most wonderful of the world.
Studies of carnivorous plants have continued since Dar-
wins time. Attention has focused on the biogeography and

phylogenetics of the only two carnivorous species with
snap traps, D. muscipula and the aquatic waterwheel Al-
drovanda vesiculosa [5, 9, 23, 25]. The natural habitat
of D. muscipula is damp pine savannas of southeastern
North America, and is considered a relic species with a
narrow and endangered distribution of less than 300 km2

[9]. A. vesiculosa is also considered a relict earlier widely
distributed in Europe, Africa, India, Japan, and Australia,
yet now confined to fewer than 36 localities mostly in Eu-
rope and Russia [1].
Earlier molecular phylogenetic studies demonstrated that
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carnivory occurs in several flowering plant lineages [3,
19], and it was thought that the snap traps of A. vesicu-
losa and D. muscipula may have evolved independently.
However, their unique snap traps are not examples of con-
vergent evolution, but share a common, old-world ances-
tor at least 65 million years ago [9, 21, 25]. More pre-
cisely, Cameron et al. [9] used sequences from nuclear
18S and plastid rbcL, atpB, and matK genes to show that
A. vesiculosa and D. muscipula evolved as monotypic sis-
ter genera from a sundew-like ancestor. While the habitat
of A. vesiculosa is similar to that of many aquatic carnivo-
rous bladderworts (Utricularia spp.), the snap traps of D.
muscipula and A. vesiculosa are unique in having a single
evolutionary origin, and narrow ecological distributions
[14].
Improved understanding of the molecular adaptations to
plant carnivory has also been sought via genome size esti-
mates. Interestingly, genome size varies more than 2,300-
fold among angiosperms, from that of Paris japonica (2n =
12, 1C = 152.20 pg DNA or ~149 Gbp [22], to that of car-
nivorous Genlisea margaretae (2n = ~40, 1C = 0.0648 pg
or ~63 Mbp [15]. The biological significance of this mas-
sive variation is puzzling. Carnivorous plants are found
in at least five, genetically poorly described orders [12].
The lack of molecular tools and genetic information, how-
ever, has not hampered phenotypic and ecological studies
of the orders with carnivorous members [2, 14], and com-
parative genomic analyses can clarify a number of their
traits. Within the Lentibulariaceae, Greilhuber et al. [15]
identified ~24-fold variation in genome sizes among Gen-
lisea and other family members. Also, large variations in
ploidy levels and chromosome sizes have been reported
within the carnivorous Droseraceae [16], and Rogers et
al. recently reported genome estimates for two carniv-
orous pitcher plants, Sarracenia purpurea and Sarracenia
psitticina, to be larger than 3.5 Gb [26]. Thus, carnivorous
plants seem to have an extreme plasticity in terms of gen-
ome content, and such large genomes tend to have many
repetitive sequences and transposable elements [26].
An important complement to genome size analyses comes
from transcriptome data. Both transcriptome and genome
sequence data are needed to understand the physiological
and genetic basis of the snap trap and to identify genes
selected during its evolution [24]. To this end, deep se-
quencing is beginning to reveal certain aspects of the evo-
lution of carnivory. Recently, transcriptome data for the
bladderwort Utricularia gibba was published using next-
generation sequencing [17], and Srirastava et al. [31] have
reported the deep sequencing of two Sarracenia species,
providing valuable information on the events of genome
duplication and speciation within the genus Sarracenia.
Finally, Schulze et al. [29] used transcriptome data to de-
lineate the protein composition of the digestive fluid of D.
muscipula. Such studies pave the way to understand the
molecular physiology associated with features of the car-
nivorous syndrome.

Table 1. Statistics of transcriptome sequencing and
assembly of D. muscipula

Sequencing # of reads (93 bp single-end) 81,329,943
Total bases 7.56 Gb
# cleaned reads 79,165,657

Assembly # of contigs 80,806
Max contig length 7,545 bp
Min contig length 100 bp
Mean contig length 679 bp
N50 length 1051 bp

In the present study, we sequenced the transcriptome of D.
muscipula, using a mixed-tissue sample for a cost-effective
deep sequencing of a normalized cDNA library. The tran-
scriptome sequences were assembled into contigs. Func-
tional annotation and gene ontology analyses were per-
formed, and a large number of transcripts related to cat-
alytic activities were identified. This is the first high through-
put data publicly available for a member of the largest
family of carnivorous plants (Droseraceae), the renowned
D. muscipula. Our data provide a public resource for un-
veiling mechanistic features of the carnivorous syndrome
such as attraction, trapping and digestion. Moreover, to
expand the list of genome size estimates of members of
the carnivorous orders, we present the first genome size
estimate of a member of the sundew family in the order
Caryophyllales.

2. Results
2.1 Transcriptome Sequencing and Assem-

bly of D. muscipula

To analyse the transcriptome of D. muscipula, a normal-
ized library of mixed mRNAs from traps and flowers was
sequenced using Solexa HiSeq2000 sequencing technol-
ogy. A total of 81,329,943 single-end reads were gen-
erated with a read length of 93 bp (excluding Illumina
barcode index). After removal of ambiguous nucleotides
and low-quality sequences (Phred quality score < 20), a
total of 79,165,657 cleaned reads (97.3%) were obtained.
These raw transcriptome sequences in this study have been
deposited in the NCBI SRA database (Accession number
SRA091387), and recovered reads were assembled. As
shown in Table 1, the transcriptome was assembled, com-
bining 79,165,657 reads into 80,806 contigs, ranging from
100 to 7,545 bp in length. The average length was 679 bp,
and the N50 length was 1,051 bp.

To quality assess contig assemblies and validate our nor-
malization procedure, we selected 10 contigs for PCR-
based validation. The contig were selected based on the
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alignment annotation to putative low- and high-abundant
transcript genes. For high-abundant mRNA transcripts
this included actin and ubiquitin sequences, and for pu-
tative low-abundant mRNA transcripts it included tran-
scription factor sequences. Primers were designed to tar-
get a range of contig sizes, and to span a range of puta-
tive mRNA abundances. Using an independent biologi-
cal replicate cDNA template of D. muscipula traps and
flowers, we validated transcript assemblies ranging from
247-1014 bp (Figure 1, and Supplemental file S1), includ-
ing both putative low- and high-abundant transcripts. Ex-
pected amplicon sizes were obtained from all ten contigs,
although no genomic amplicon was obtained for DmUCH-
like (Supplementary file S1). In conclusion, this confirmed
that the assembly using the Oases algorithm was reliable,
and that our normalization procedure enabled identifica-
tion of transcript abundances with an apparently large dy-
namic range.

2.2 Functional Annotation

The assembled contigs were aligned to the NCBI non-
redundant (nr) protein database for functional annotation
by BLASTx with an E-value cut-off of 1e-5. A total of
42,656 contigs had a significant hit, corresponding to 17,047
unique protein accessions in the nr protein database (Ta-
ble 2).
Gene ontology (GO) analysis was conducted on these 17,047
unique proteins using InterProScan (http://www.ebi.ac.uk/
Tools/pfa/iprscan/) on integrated protein databases with
default parameters. A total of 9,909 unique proteins were
assigned to at least one GO term for describing biolog-
ical processes, molecular functions and cellular compo-
nents. The InterProScan output file was input to the BGI
WEGO program and GO annotations plotted (http://wego.
genomics.org.cn) (Figure 2). Briefly, in the cellular com-
ponent division, genes related to cell parts and macro-
molecular complexes (2,588 (26.3%) GO:0044464 and 746
(7.6%), GO: 0032991, respectively) are highly represented.
Interestingly, in contrast to other plants, D. muscipula also
has genes related to a virion part (3 (0.1%), GO:0044423).
For the molecular function division, a large abundance of
genes are related to binding and catalytic activity (5348
(54.4%) GO:0005488 and 4847 (49.3%) GO:0003824, re-
spectively). Also, antioxidant (56 (0.6%) GO:0016209)
and electron carrier activities (184 (1.9%) GO:0009055)
are represented. For the biological process division, genes
involved in cellular (4,285 (43.6%), GO:0009987) and me-
tabolic processes (5,136 (52.2%), GO:0008152) are highly
represented, including the child term of establishment of
localization (733 (7.4%), GO:0051234). In contrast, genes
associated with developmental and multicellular organis-
mal processes were lowly represented (6 (0.1%), GO:003
2502; and 14 (0.1%) GO:0032501, respectively), com-
pared to full-genome annotations for Arabidopsis (15%

and 15.5%, respectively). This may well reflect the lim-
ited tissues and developmental stages sampled in this study.
The complete GO annotation results are shown in Supple-
mentary file S2.

2.3 Assessment of Transcriptome Assembly

The assembled transcript contigs were aligned to all Ref-
Seq entries for a moss (Physcomitrella patens), and the
angiosperms grape (Vitis vinifera), Arabidopsis thaliana,
tomato (Solanum lycopersicum), Brachypodium distach-
yon, rice (Oryza sativa), maize (Zea mays), and the mono-
typic oil plant Ricinus communis using BLASTx with an
E-value cutoff of 1e-5 (Table 2). Cross-species sequence
similarity showed most hits identified in grapes, tomatoes,
oil plants and Arabidopsis. When looking into unique pro-
tein hits, the D. muscipula transcriptome, originating from
a normalized mixed-tissue cDNA library, targeted almost
60% of the tomato RefSeq entries, and more than 50% of
the entire grape Refseq data. Likewise, almost 50% of the
Brachypodium RefSeq data was uniquely aligned by in-
dividual D. muscipula contigs. For Arabidopsis, 13,469
unique protein hits were identified, covering more than
one third of the total number of Arabidopsis Refseq pro-
tein entries. These numbers represent underestimates of
the minimal number of D. muscipula genes found expres-
sed in the two tissues used in this study, flowers and traps.
Apart from tissue-specificity, it is possible that many D.
muscipula unique protein hits could not be aligned to Ref-
Seq hits because they represent untranslated regions (UTRs)
and/or non-coding RNAs (ncRNAs). All together, the
high numbers of unique protein hits aligned by D. mus-
cipula contigs underscores the quality of the data obtained
from our mixed-tissue and normalized library.

2.4 Full-Length cDNA prediction

Full-length cDNAs are important resources for many ap-
plications, including reverse genetic and evolutionary stud-
ies. To search for potentially full-length cDNAs with com-
plete open-reading frames (ORFs) in the assembled D.
muscipula transcriptome, all contigs were analyzed by Tar-
getIdentifier [20]. A total of 15,547 full-length sequences
were identified from the assembly. The size distribution
of full-length sequences compared to the size distribution
of our total 80,806 cDNA contigs is presented in Figure
3. In contrast to the size distribution of the total contig
number, full-length sequences are biased towards those >
1 kb in length. This indicates that short full-length cDNA
sequences may be underrepresented in our assembly and
transcriptome data.



Manuscript 4

2.5 Genome Size Estimates

An intriguing observation from genome studies of carniv-
orous plants is the extreme size differences observed even
among individual family members [15]. To expand the list
of genome size estimates of members of the carnivorous
orders, we estimated the genome size of D. muscipula.
Using an improved protocol adapted from Bekesiova et
al. [6], we obtained high-quality genomic DNA. Figure
4A shows an example of 200 ng DNA extracted using this
method. We routinely obtained approx. 25 and 50 µg high
quality (A260/280 > 1.8, and A230/260 > 2.0) genomic
DNA per g fresh weight from traps and flowers, respec-
tively.
To estimate the genome size of D. muscipula using the
qPCR-based method of Wilhelm et al. [34], a DNA sam-
ple without significant RNA contamination is required.
From purified gDNA, we targeted the amplification of a
single-copy genic region assembled and validated (see Fig-
ure 1) from our D. muscipula transcript sequencing. With
this sequence as a query we used BLASTx to identify the
closest homologue. This identified Arabidopsis ACTIN7
(ACT7) as the closest homolog, with total query coverage
of 67% and maximum shared identity of 86% (Supple-
mentary file S3). We therefore designated this target D.
muscipula amplicon DmACT7. Using this amplicon, the
genome size for D. muscipula was estimated to be 2956
Mbp (SEM= 210 Mbp, n=11), equivalent to 3.02 +/- 0.21
pg for the 1C haploid genome (Figure 4B, Table 3). As
a control, we estimated the genome size of the model an-
giosperm A. thaliana using the ACTIN1 (ACT1) genic re-
gion. This estimate of 173 Mbp (SEM= 21 Mbp, n=7;
Figure 4B and Table 3) overlaps the well-documented value
of the A. thaliana genome of 157 Mbp (0.16 pg: [4, 7]).

3. Discussion
To date, the highest diversification rates among angio-
sperms are found in the order Lamiales [37]. In particular,
the apparent plasticity observed in the large Lentibulari-
aceae family has recently received attention [2, 15]. In this
carnivorous family, three taxa exhibit significantly lower
1C-values than the 157 Mbp of Arabidopsis thaliana. These
are Genlisea margaretae with 63 Mbp, G. aurea with 64
Mbp, and Utricularia gibba with 88 Mbp [15]. Our size
estimate for the Droseraceae family member D. muscipula
is 46-fold higher than that of the G. margaretae genome,
and comparable to the genome size estimates for carnivo-
rous pitcher plants [26]. Such estimates enable calculation
of the minimum number of high-quality reads required for
whole-genome sequencing of D. muscipula and other Gb-
sized genomes from carnivorous plants. A good sequenc-
ing coverage should provide reliable information on the
evolution of carnivory.

The estimated haploid genomes of 3-4 Gbp indicate that
certain carnivorous plants have undergone dramatic gen-
ome evolution. An explanation for such massive prolif-
eration of genome rearrangements, as observed in plastid
genomes of Lentibulariaceae members, may be associated
with increasingly relaxed functional constraints due to the
heterotrophic lifestyle of carnivorous plants [21, 30, 33].
Another explanation is that high nucleotide substitution
rates are linked to reactive oxygen species (ROS) gener-
ated from the increased respiratory rates needed for the
oxidative phosphorylation of ADP to ATP upon move-
ment of trapping devices in carnivorous plants [2, 18].
ROS is known to cause oxidation of nucleotide bases and
generation of DNA strand breaks [8].
With respect to the D. muscipula transcriptome, D. mus-
cipula shares the greatest sequence similarity to tomato
(59.8%, Table 2). This is not a surprise, as tomato is the
only species included from the asterids clade, to which
D. muscipula also belongs. However, the assembled tran-
scriptome of D. muscipula also shares large sequence sim-
ilarities to the rosids clade member Vitis vinifera (53.8%,
Table 2). The relatively strong sequence similarity be-
tween carnivorous species and grapes was also reported
in a transcriptome study of the carnivorous pitcher plants,
Sarracenia psittacina and Sarracenia purpurea [31]. Fu-
ture sequencing data on more asterids and rosids mem-
bers, including transcriptome comparisons with other car-
nivorous species [17, 29, 30] will aid the research commu-
nity to delineate the intriguing phylogeny and molecular
adaptation of carnivorous plants and their ecology.
We note that our cost-effective approach using a normal-
ized library of mixed tissues from trap and flowers was
only collected from adult plants. Our data therefore does
not cover the whole D. muscipula transcriptome. Still, our
data aligned almost 50-60% of the entire complement of
RefSeq entries for several model and crop species. Fu-
ture studies may address the identification of tissue and
developmentally regulated genes by temporal and spatial
sampling of tissues under different conditions. At present,
our data may be mined for comparative studies and as an
annotative tool for whole-genome sequencing and future
de novo assembly of the D. muscipula genome.

4. Conclusion
In this study, the transcriptome of D. muscipula was se-
quenced, de novo assembled and functionally annotated.
An ORF analysis was conducted and a large number of
full-length cDNA sequences were identified. The D. mus-
cipula transcriptome provides some insight into the molec-
ular processes occurring in a Gb-sized carnivorous plant
genome. Abundant representation of processes related to
the expression of genes associated with binding, catalytic,
antioxidant and electron carrier activities was observed.
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Future uniform meta-analyses of short-read archives, in-
cluding cDNA sequences from carnivorous Utricularia [17]
and Sarracenia [31] species will aid future studies of car-
nivorous plants and their ecology. This underlines the
importance of further expansion of sequence repositories,
especially for non-model organisms, for improved under-
standing of molecular physiology and evolution related to
Darwins abominable mystery.

5. Methods
Plant material
For nuclear genome estimates, 1 g of freshly harvested
flowers, petioles and traps were used from D. muscipula
and Arabidopsis thaliana (Col-0). D. muscipula plantlets
were purchased from Horticulture Lammehave A/S (Ringe,
Denmark).

Genomic DNA extraction
DNA was extracted from D. muscipula and A. thaliana
as described for Drosera rotundifolia by Bekesiova et al.
[6] with modifications for extraction from the more suc-
culent and recalcitrant D. muscipula. After tissue grind-
ing, plant cells were lysed in 6 ml CTAB-buffered N-
lauryl sarcosine (5%) with 2 ul 2-mercaptoethanol and 0.3
g polyvinylpyrrolidone (PVPP), (MW=360,000, Sigma)
per ml lysis buffer, and incubated 1 hr at 65◦C in a wa-
ter bath. PVPP and 2-mercaptoethanol respectively bind
to and remove polyphenols, polysaccharides and tannins
from plant extracts. Following lysis, the lysate became
more viscous as the solution was cooled at room tem-
perature for 10 min before extraction with 1 x volume
of chloroform:isoamoyl alchohol (24:1). The sample was
then centrifuged at 13,000 RPM for 10 min at 4◦C. A 5-
ml pipette was used to gently transfer the upper aqueous
phase to new tubes and the DNA was precipitated over-
night at -20◦C using 0.1 volumes of 3 M Na-acetate (pH
5.2) and 2.5 volumes ice-cold ethanol. The precipitated
DNA was collected by centrifugation for 20 min at 13,000
RPM and 4 ◦C. The pellet was washed in 70% ethanol and
centrifugation repeated. The pellet was briefly air-dried at
room temperature before being gently dissolved in 1 ml
TE (pH 7.5). At this point, due to high absorbance at 230
nm, a second purification round was used. First, resus-
pended DNA was treated for 1 hr at 37◦C with 50 ug/ml
RNase A (Sigma) and 50 units/ml RNase T1 (Fermentas).
Proteinase K (150 µg/ml) was then added for another hour
at 37◦C. Subsequently, 1 x volume of CTAB buffer was
added and the solution incubated 1 hr at 65◦C. 1 ml of
chloroform:isoamoyl alchohol (24:1) was then added and
mixed. After centrifugation for 10 min at 13,000 RPM
at 4◦C, the supernatant was transferred to a new tube and
again precipitated over-night at -20◦C with 0.1 volumes of

3 M Na-acetate (pH 5.2) and 2.5 volumes ice-cold ethanol.
DNA was then collected for 20 min at 13,000 RPM and
4◦C. The pellet was washed in 70% ethanol and centrifu-
gation repeated. The pellet was air-dried for 30 min at
room-temperature and resuspended in TE (ph 7.5) or wa-
ter. DNA purity and concentration was measured on a
nanodrop 1000 (Thermo scientific). For pure DNA, the
A260/280 ratio should be > 1.8.

mRNA isolation
Total RNA was extracted from 1.5 g fresh weight each of
D. muscipula flowers and traps using an optimized urea-
based protocol. For a single extraction, 0.1 g (approx.
equivalent to 1 medium sized trap) plant material was flash-
frozen in liquid nitrogen and ground together with 0.03
g of PVPP. Plant powder was then transferred to a pre-
warmed (65◦C) microcentrifuge tube containing 700 ul of
RNA extraction buffer (2% CTAB (w/v), 2% PVP K25
(w/v), 100 mM Tris-HCl (pH 8.0), 25 mM sodium-EDTA
(pH 8.0), 2.0 M NaCl, 2% (w/v) β-mercaptoethanol (add
just before use)) and vigorously shaken. The suspension
was then centrifuged for 2 min at 13,000 RPM to pellet
plant debris, and the supernatant transferred to a new tube.
Subsequent steps are all performed at 4◦C. Total RNA
was then extracted with 600 µl of chloroform:IAA (24:1),
and the phases separated by centrifugation (10,000 RPM,
10 min., 4◦C). The top aqueous phase was transferred
to a new microcentrifuge tube and extracted with 500 µl
of phenol:chloroform:IAA (25:24:1) using centrifugation
(10,000 RPM, 10 min., 4◦C). Transfer top aqueous phase
to a new tube and 0.25 volumes added (125 µl to 500 µl)
of 10 M LiCl and gently mixed well. RNA was precipi-
tated overnight at 4◦C, and then pelleted by centrifugation
(10,000 RPM, 20 min, 4◦C). Dissolve RNA in 100 µl of
DEPC-treated water. Samples are then re-precipitated by
250 µl precipitation mix (80% EtOH, 20% 1M sodium ac-
etate (pH 5.2)) and incubated 1 hr at -70◦C. Subsequently,
RNA is centrifuged (10,000 RPM, 20 min., 4◦C). The
pellet was gently washed in 70% RNase-free EtOH, cen-
trifuged (10,000 RPM, 20 min., 4◦C) and resuspended in
30 µl DEPC-treated water. Subsequently, total RNA was
RQ1 DNase treated (Promega), and mRNA isolated from
2-3 mg of trap and flower total RNA using PolyATtract
(Promega), according to the manufacturers description.

cDNA library construction, sequencing and assembly
The MINT kit (Evrogen) was used for first-strand cDNA
synthesis with 400 ng mRNA from each sample. Fol-
lowing evaluative PCR, a full-sized pre-saturation syn-
thesis of ds-cDNA was prepared for both tissues using
Encyclo PCR (Evrogen). cDNA was purified using QI-
Aquick (Qiagen) and concentration measured using Qubit
(Invitrogen). Samples were then pooled in a 1:4 ratio of
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trap:flower cDNA to a total of 1 ug cDNA for normaliza-
tion using duplex-specific nuclease [35, 36]. Normaliza-
tion was evaluated by PCR using Evrogen PCR adaptor-
specific primer M1, and a full-size cDNA amplification
performed. A total of 4 ug cDNA was subsequently frag-
mented using a Bioruptor R© (Diagenode) and MinElute
(Qiagen) purified prior to library building. The NEBNext R©

Quick DNA library kit (New England Bioloabs) was used
for library building with 0.5 ug fragmented cDNA and 1
ul of 15 uM InPE adaptor (Illumina). Following another
MinElute step we indexed (6-bases) and amplified the li-
brary 10x with Illumina standard primers (InPE1.0 and
InPE2.0). Finally, the library was evaluated by gel elec-
trophoresis and a gel piece containing 270-320 bp frag-
ments was isolated and QIAquick purified (Qiagen).
The library was sequenced using Solexa HiSeq2000 se-
quencing technology with 101 bp single-end reads at the
National High-throughput DNA Sequencing Centre, Uni-
versity of Copenhagen. All sequenced reads have been
uploaded to NCBI Short Read Archive with accession num-
ber SRA091387. Prior to de novo assembly using Oases
[28], adaptor sequences were trimmed and low quality
reads removed (Phred quality score < 20) by in-house soft-
ware including the FASTX-Toolkit available from http:
//hannonlab.cshl.edu/fastx_toolkit/. To quality assess the
transcriptome assembly, the contigs were aligned by BLA-
STn (E-value <= 1e-5) and 10 contigs with varying size
were selected for assembly confirmation. Primers were
designed using Primer3 [27]. Sequences for primers and
contigs can be found in Supplementary file S1.

Functional annotation
The assembled transcriptome contigs were aligned to NCBI
non-redundant protein databases (nr) using BLASTx (E-
value <= 1e-05, bit score >= 50). Gene names and an-
notation were assigned to the corresponding contig based
on the best BLASTx hit. Transcripts for each locus were
scanned with InterProScan (http://www.ebi.ac.uk/Tools/
pfa/iprscan/) on integrated protein databases with default
parameters. The GO terms associated to the transcriptome
contigs were retrieved to describe genes in the categories
of cellular components, molecular function and biological
process. The functional gene annotation for Arabidop-
sis was retrieved from The Arabidopsis Information Re-
source, version TAIR10 [32].

Assembly assessment and full-length cDNA identification
The assembled contigs were aligned to non-redundant pro-
tein databases with BLASTx at a cut-off E-value of 1e-5
and putative full-length cDNA sequences and ORFs were
identified by TargetIdentifier (http://proteomics.ysu.edu/
tools/TargetIdentifier.html) [20]. cDNA sequences are clas-
sified as full-length if the following criteria were fulfilled
(1) the sequence has a start codon with a downstream stop

codon or (2) the sequence has a stop codon and an in-
frame start codon is detected prior to the 10th codon of
the aligned subject sequence. For comparison of the D.
muscipula open reading frames to other plant proteins, the
contigs were aligned with BLASTx (standard parameters,
E-value < 1e-5) to 8 RefSeq and Ensembl proteins, in-
cluding Arabidopsis thaliana, Brachypodium distachyon,
Oryza sativa, Physcomitrella patens, Ricinus communis,
Vitis vinifera, Solanum lycopersicum and Zea mays. Hits
were parsed with standard parameters and the best hit was
resumed.

qPCR estimate of genome size
Sequencing of the transcriptome of traps and flowers of D.
muscipula gave a total of 80,806 contigs. A long unique
sequence with good coverage was chosen for primer de-
sign as shown in Supplementary file S3. The sequence had
86% identity to the Arabidopsis ACT7 gene (AT5G09810).
Primers were from MWG Biotech (Ebersberg). The se-
quence and positions of primers are shown in Supplemen-
tary file S3. The qPCR-based analysis of genome size was
performed according to Wilhelm et al. [34] using a Bio-
Rad iCycler (Bio-Rad). The genome size, described as
gametic nuclear DNA contents (C-values), either in units
of mass (picograms, where 1 pg = 10−12 g) or in number
of base pairs (where 1 pg DNA = 0.978 x 109 bp; [11]),
was calculated by dividing the mass of sample DNA by
the copy number determined for single copy genes.
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Figure 1: PCR assembly validation. Contigs assembled from 93 bp
single–end reads were validated using standard PCR. A: genomic DNA, B:
First-strand cDNA synthesis with reverse transcriptase, C: First–strand cDNA
synthesis without reverse transcriptase. M: 100 bp O‘GeneRuler. For primer
and contig sequences see Supplementary file S1.

Table 1: Summary of BLASTx search results of D. muscipula transcriptome.
From a total of 80,816 contigs, 42,656 have a RefSeq hit, corresponding to
17,047 unique protein entries. Total number and unique hits from a BLASTx
against RefSeq entries for 8 other plant species is also presented. The percent
of total unique proteins is based on the current number of RefSeq entries for
the individual species.

Database D. muscipula hits Unique protein hits % of total unique proteins
nr 42,656 17,047 –
Refseq/Ensembl
Arabidopsis thaliana 41,422 (51.3%) 13,469 38.1% (13,469/35,378)
Brachypodium distachyon 39,962 (49.4%) 11,795 48.8% (11,795/24,689)
Oryza sativa 39,353 (48.7%) 11,506 40.1% (11,506/28,705)
Physcomitrella patens 34,084 (42.2%) 9,390 26.1% (9,390/35,936)
Ricinus communis 41,839 (51.7%) 12,279 39.1% (12,279/31,344)
Vitis vinifera 43,634 (53.9%) 12,837 53.8% (12,837/23,877)
Zea mays 35,229 (43.6%) 10,194 45.1% (10,194/22,588)
Solanum lycopersicum 42,489 (52.6%) 13,152 59.8% (13,152/26,408)
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Figure 2: Gene Ontology (GO) categories of the unigenes. Distribution of the
GO categories assigned to the D. muscipula transcriptome. Unique transcripts
(unigenes) were annotated in three categories: cellular components, molecular
functions, and biological processes.
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Figure 3: Contig size distribution of all contigs (left) and predicted full–length
contigs (right).
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Figure 4: Genomic DNA purification and genome size estimate of D. mus-
cipula. (A) Agarose gel showing a purified fraction of D. muscipula genomic
DNA (1) using a modified CTAB procedure. M1: DNA ladder D2000 (Tian-
gen), M2: DNA ladder λ–Hind3 digest (Takara). (B) Genome size estimate of
D. muscipula using a single–copy qPCR method with DmACT7 as amplicon.
A. thaliana serves as a control, using ACTIN1 as amplicon.

Table 3: Summary of qPCR-based estimates of haploid genome sizes

Target Product Calibration curve Genome size estimate n 1C +/- SEM (pg)
length (bp) y = mx + b (R2) +/- SEM (Mbp)

ACT1 (At2g37620) 116 -3.263X + 45.613 173 +/- 21 7 0.17 +/- 0.02
(A. thaliana) (0.995)
ACT7 185 -3.323X + 36.6 2956 +/- 210 11 3.02 +/- 0.21
(D. muscipula) (0.994)
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>DmATP synthase Locus_396_Transcript_1/2_Confidence_1.000_Length_426 
ATP synthase GI:109066521 
atacgagatgtagaatcaagaggatcaacagcaggatagataccgagctcagatatctgccgggacaac
acggttgtggcatccaagtgagcaaaggtggttgcaggagcgggatccgtcaaatcatcagcaggcaca
taaatagcttgcacggatgtgatggaaccttttttcgtagttgtgatacgctcttgaaggcctccaagg
tcagtagcgagggtaggctggtaccccacagcagaaggaatacgtccaagcaaagcagacacctctgag
ttagcttgggtaaagcggaaaatattgtcaataaatagcagcacgtcttgtccctctgcatcacggaaa
tgttcagccacagtcaagccagtaagaccaacacgggcacgagcaccagggggctcattcatttgaccg
tagacaagagcg 
 
F: caggatagataccgagctc 
R: tgctcgtgcccgtgttg 
 
Amplicon: 359 bp 
 
 
>DmATPase - Locus_14083_Transcript_1/2_Confidence_1.000_Length_1605 
ATPase gi|108708096 
AAGCAGTGGTATCAACGCAGAGTACGGGGGGCTTGGAAAGTGACGGACTTGAGTCATTGTGCATCAAGG
AGCAGACACTGACAAATGAAAATGCTGAGAAGGTTGTTGGATGGGCTCTAAGCTATCATTTGATGCAGA
ACACAAATGCGGAGTTAGAGGAGAAATTAGTATTGTCTAGTGAGAGCCTTCAGTATGGGATAGAAATCT
TACAGGCTATTCAAAATGAGTCCAAAAGCTTAAAGAAGACACTGAAGGATGTTGTAACCGAAAATGAGT
TTGAGAAAAGGCTTCTGGCAGATGTTATTCCACCCAGTGACATTGGGGTTACATTTGATGATATTGGTG
CCCTTGAGAATGTGAAGGATACATTGAAGGAGTTGGTGATGCTGCCATTGCAGAGGCCGGAACTTTTCT
GCAAGGGACAGTTAGCTAAGCCTTGCAAGGGCATACTTCTGTTTGGCCCTCCTGGCACTGGAAAGACTA
TGCTTGCAAAAGCTGTTGCAACAGAAGCCGGTGCGAACTTTATAAATATTTCCATGTCAAGCATCACAT
CTAAGTGGTTTGGTGAGGGTGAGAAATATGTGAAGGCTGTCTTCTCTCTGGCAAGCAAGATTTCCCCTA
GTGTTGTGTTTGTGGATGAGGTTGATAGTATGCTCGGTCGAAGGGAGAACCCTGGAGAGCATGAGGCCA
TGCGTAAAATGAAAAATGAATTTATGGTGAATTGGGATGGGCTGCGGACTAAAGATACAGAAAGAGTCC
TTGTACTTGCAGCCACTAATAGGCCTTTTGACCTTGATGAAGCGGTCATTAGAAGATTGCCGCGTAGGT
TAATGGTTAACTTGCCAGATGCTCCAAATAGAACTAAGATTCTTAAGGTGATATTGGCAAAAGAAGAAT
TATCTCATGATGTAGATTTAGATGCAGTTGGAAGCATGACCGAGGGATGTTCTGGGAGTGACCTCAAGA
ATCTTTGTGTTGCTGCTGCCCACCGCCCTATCAGGGAGATTCTAGAAAAGGAAAAAAAGGAGGCTGAAG
CTGCTGTGGCTGAAGGTAGACCCGCGCCACCTCTCAGTGGGAGTGCCGATATCCGGCCTCTTAACATGG
ATGACTTCAAACACGCACATGAGCAGGTTTGTGCAAGTGTATCATCGGAGTCCCATAACATGACCGAGC
TTCAACAATGGAATGAACTATACGGCGAGGGCGGCTCTAGGAAGAAGGCGGCTCTTAGTTACTTTATGT
AAATGCTTAATATTTCTAGTTATGTGAAAATGTATGTTCTCGGTGGTCGTTTTGTTTTGGCCCGTGATG
TGTATGCCGACGGCTCTGTCTTAGTGGAATTTTTTGTCATGTTTTTTAGGAGGTTTGATACAAGGTAAG
CGTGAGGCCCTTTTGTTTAGGTTTGGCTCACCCTGTATGAAGGTACTGTTTGTTTGTCTGGGGGTATAA
GTTAGTTGAGAGGTATAAAGTTATAAAATAGCGAGGACGGGAAAGGAGGCGGTGTAGGAACTGTCATAT
TGCCATTCTTTTATTTTCAGATGTTAATAATATCTTCAGTTCGTCGTTTAAAAAAAAAAAAAAAAGTAC
TCTGCGTTGATACCACTG 
 
 
F: CCCATAACATGACCGAGCTT 
R: AGTTCCTACACCGCCTCCTT 
 
Amplicon 356 bp 
 
 
 
>Dm prot. bind. prot. 
Locus_17081_Transcript_1/2_Confidence_1.000_Length_2089 protein 
binding protein, putative GI:255558542 
ATCTAAGCAGTGGTATCAACGCAGAGTACGGGGAGCTGTGTGGACAAGGGTGATAGAAAGGTTGAGGGT
AACAGATTTACTGGGTCACATCATCGTTGGCACGATAATGAAGTAGGACCCTCAGAAGCAATTGATTGT
ACGAAGCTCGCAGTGCAGCTGCACAAGAGTTTTGCTGCTAGAATGGAGGAGGGCTCTTCATTTCAGGTC



GGTAGTTGTGTTGCTACAGTTTCCGGAACTCGTAAAAGGAAAAGCAGATGGGACCAGCCGTCCGATTCA
GAATTTCCTTGCCAGGGACAAAAGGCGTTGCCAATTTTGTGCCAAAATTTTGATTCAAGTCTACACCCT
GAGACGGTCAAGGTTAGACTTCGTCATATAAACAGAGCAAGGCATGTGGAGAAGAGTTCTACTGATTGT
TCTGACGAGCAAACTGAATATTGTACGACAGATAATGGAGTGATGGGCCCTCAGGGAGATGCTCCTCCT
GGATTTTCTTCCCATTTTTCCCCTGGATTCTCTTCTCTTCCTCCTCCTCCTCCTGGGTTTTCTTCCCCT
CTTTGTGGTTCCCATCTTCAGTCATTTGTTGGCTCAACTGTGACTCACATCCCCCAACAGAACAGAAAG
CAGTTGCAATGTTGTAGCCCTTTCCGTGTCTCTTCAGGGCAGCTGCAACGGAGGTTCAATTCTCGCTTG
CCTGTAGCATATGGAATTCCATTTTCAGCAATCCAGCAATTTGGGGCACCCCAACGGGGACACCTTGAT
GGTTGGGTTATTGCTCCAGGTATACCTTTTCACCCTTTCCCCCCCTTGCCCACTTACCCCCGTGGGTGC
AACAAGGGAGGTCATCAAGATTCTGGTGCAATGACTGCAGAAAGGGTGAAGGGAAGTGGTAGACAAATG
CCACAAGACCACTGCACACATGTTTCTTATCGAGCAGATCAAGGCATGCCATGCGCCTCAGGTTCGACT
TGTATAGATGTGGTTGCTGCCAGTACATCCTTTCATCGGCCTCTGCAGCAGGGAGGAGGCACCTCTTCC
AGCCTGGGAAGGAGGTACTTTAGGCAGCAGAAGTGGAGGAACTCAAAACAAAGGCCGCCGTGGCTGAGA
AGGAACGACTGCGGATTCAAAGGAAACTATCCCCAGAATGGGGTCTACGAGGGTGCAATTCCCAGCGAG
CAGAATGGTCAGTCTATGGAGTATATAAATTATCATGTAGACTGTGTTGGAAATTCTCGATAGCATCGA
ACCGTATCAAGAATACGACATTGATTTAACAATTCTCCAGGGTTCAGAAAAAAAGATTGAAATTTACAT
TTAGATTATAGGAGAGTTGAGGATCTTCTGGATCTTGTCACAGCCACCATAATTCTTTTGTTACATTGA
CGTTGGGGTACACCTTCATCTGAATTTCCTGTTTTTGTTGTAGTTTCGTTATACATTAGAGACATAATT
ATATGTGAATTTTAAAGAGAGATGAAGTTGACCAACCTTGTGGTGCTTCACCAACAAGAAAGGTGAGGT
TATATATTTGAACCTCTCACAAGTAGCAAACAATAAAATTCTCCAAATTCTATTTACCAGCTAGTTTAT
TAAAACCAAAACCTTCTAGTAAGGAACATATGAAGTTTTGCATGTAGAGCAGCACTCATCCGGTTGAGT
ACCGGCGACAAGAATCTGAAGCCAATTTATTGCCCAGAAAAGCAGTCTTCTGCGGTTCATGTATCTGGC
ATTTGCAGGATGTGAGAGAGCATGTTCAGTTTGGTTGCAGAACCATCAACATGTGGATCAGAAATTCTA
TCAATGCTTAGCCTTTGAGGACATTTGTGTTAACTTGTTCCCACGATTTGTGACAGCAGGATTGAGCTC
GGGTAAATTTGAGTACATTTGACTTGAGCCAGGCCTTTTTAACTGATATGATTTATTGTTTACTGTTTT
TTTTGGCCATTTCAATCTAACATGACACCCTTTTAGCCGTACTATCCAGTTGTTTTTTCGTGTAAGCTT
CCAAAATTCCCACAACAAGTGAAGGATCCTTCTTGATAAGCTCACCATAATCATCTCTGTTCATAAACT
TGTCCATGTTATCGGTGAT 
 
F:  GAGGTTCAATTCTCGCTTGC 
R: GAGGCCGATGAAAGGATGTA 
 
Amplicon : 338 bp 
 
 
>DmWRKY3 Locus_5911_Transcript_3/3_Confidence_0.600_Length_1263 WRKY 
DNA-binding protein 3 GI:15227612 
TCCACGTCCTATGGTGCCGCCACCACCACAGTGTGAAATGGCTCAAATGGCCGCTCCTTCAAACTTAGT
CCCTAAGGTGGTGGAAGAAGATCCTAAAACTTCAGCAACTTCGGGTAATGCAGATAGACCCTCCTACGA
TGGGTATAACTGGAGAAAATATGGTCAAAAGCAGGTCAAAGGAAGCGAATACCCGAGAAGCTACTACAA
GTGTACGCATCCAAACTGTCCAGTTAAAAAGAAGGTAGAAAGGTCGTTAGATGGGCAAATAGCAGAAAT
TGTCTACAAGGGAGAACACAACCATCCAAAGCCACAGCCCCCCAAGCGCAGTTCTTCGGGAGTGCAAGG
ACAAGGTTCAGTGGCTGATGAGGTAGTCCAGGATCAAGATGGAACTGCCACTGGCACTGGCACTGCCAC
TAATACCAAGTGGAATATTGGTATTGTCAATGCAACTACTGAAGCTTTTGAAGGGCGATTAGAGAACCA
AAATGAAGTAGGATTGTCGACACAGTCAACTCATTCAAACAAGGCCGATTTTGTGCCTTTTGATCCTCT
TGCTGCTAGCAATGGAGATGCTGATACTTGTGGTGTAAGCACTGATTTTGAAGAAGGTAGCAGGGGATT
GGACGTCGATAATGATGAACCAAAAAGCAAGAAGAGGAGAAAAGATGGTCAAAACAATGAAGCAGGACC
GAGCGGAGATGGTGTGCAAGTGCAAGATCCTCCTCGTCATCTTCAAGTGCAAAGCACCACGGAACCTGA
GAGTTTAGGGGACGGCTTTCGCTGGAGAAAATATGGCCAGAAGGTCGTTAAAGGAAACCCGTATCCTAG
AAGTTACTACAGATGCACGAGCCTCAAATGCAACGTGCGAAAGCATGTAGAAAGAGCATCCGATGATCC
AAGATCATTCATCACCACGTACGAGGGGAAACACAACCACGAGATGCCCATGAAAAGTACAAATTCAGC
GGCGGCCTCCGAGCCAGATTCATCACAGCTCCTTTCTACAAAGGACAAGAAGTGATTGACCTCACGGTG
ACTACTACATGTTTAACCACTAAACAGTAAACACACCCCTGATGCCAGTCTTTTAATCATTATATAGTT
TTTGTGGTGATATAGAAGCCTAATCAGCAAGTTCTCACTAGTCTGATTTATATATCATCACCACTGAAA
TTCACTGTTTATCATCCTGTTCGCTACTAGAATCGTAAATTTGCTTAGCTTATGCAAAAAAAAAAAAAA
GTACTCTGCGTTGATACCACT 
 
F: CTTTCGCTGGAGAAAATATGGCCAG 
R: CTACTAGAATCGTAAATTTGCTT 
 
Amplicon: 446 bp 



 
>DmACT7_I 1394 bp 
TCGTCATCTCACTCTGCAGGTATATAGAGAATGGCCGATGCTGAGGAGATTCAACCTCTTGTCTGTGAC
AATGGAACTGGTATGGTGAAGGCTGGGTTTGCTGGCGATGATGCTCCTAGGGCAGTGTTTCCCAGTATT
GTTGGGCGTCCCAGGCACACAGGTGTGATGGTTGGTATGGGACAGAAGGATGCTTATGTGGGTGATGAA
GCTCAATCTAAAAGAGGTATCCTTACCTTGAAATACCCCATTGAGCATGGCATTGTCAGCAACTGGGAT
GACATGGAGAAGATCTGGCATCACACTTTCTACAACGAGCTCCGTGTTGCTCCTGAGGAGCATCCGGTG
CTTCTAACTGAGGCTCCTCTCAACCCTAAGGCAAACAGGGAAAAGATGACTCAAATCATGTTTGAGACA
TTCAATGTCCCTGCCATGTATGTTGCTATCCAGGCTGTTCTTTCTCTCTATGCCAGTGGTCGTACAACG
GGTATCGTGTTGGACTCTGGTGATGGTGTGAGTCACACTGTCCCCATTTATGAAGGTTATGCACTTCCC
CATGCTATCCTTCGGCTGGACCTTGCTGGCCGCGACCTCACTGATTCTCTTATGAAGATTCTTACCGAG
AGGGGCTACATGTTCACAACCACTGCTGAACGGGAAATTGTTCGCGACATCAAGGAGAAGCTTGCATAT
GTAGCTCTTGACTATGAGCAGGAGCTGGAAACTGCCAAGAGCAGCAAGTTATTACCATAGGGGCTGAGA
GGTTCAGATGCCCTGAAGTTCTCTTCCAGCCTTCTTTGATTGGGATGGAAGCTGCTGGCATTCATGAGA
CAACCTACAATTCTATCATGAAGTGCGACGTTGATATCAGGAAGGACTTGTATGGTAACATCGTGCTTA
GTGGTGGTTCTACTATGTTCCCTGGCATTGCAGACAGGATGAGCAAGGAAATCACAGCACTTGCTCCAA
GCAGCATGAAGATCAAGGTGGTTGCTCCTCCAGAGAGGAAATACAGTGTCTGGATTGGAGGATCAATCC
TTGCATCTCTCAGCACCTTCCAACAGATGTGGATTTCCAAGGGCGAGTACGATGAGTCTGGTCCATCCA
TTGTCCACAGGAAATGCTTCTAAGCTCTACAGGATGCTTCGAGGGTGAGAGTCCAATATTTTCTTTAGT
TGCCTTGTTGTGTCAAGTGTCATGAACTCGATTCGGTTGAGCTGGAGGATCACGTTGGGTGTGGGTCAT
TGGAAGAAGGGtgtgcccttgatatgcttgttatatcaaatatccttcttccagctttcatggaaagtg
cttgatggtactgcatatttttaccttctgtgagctggtcctcacgtagcttttcgccatggctcgact
agtgcttgcgtaga 
 
F:  ctgctgaacgggaaattgtt (211) 
R:  aagcatatcaagggcacacc (203) 
 
Amplicon: 628 bp 
 
 
 
>DmCDC48 -  Locus_2163_Transcript_2/4_Confidence_0.375_Length_351  
Cell division cycle protein 48, putative, GI:110289141  
agcaggatcaatgatatctggtctgttagtggcaccaataataaatacagttttcttggcagacatgcc
atccatttcagtgagaagctggtttaaaacacggtccgccgcaccaccagcatcacccacactgcttcc
cctctgtgtagcaattgaatcgagttcatcaaagaataggacacaaggagctgatgcacgagccttatc
gaagatctcacgcacatttgcttcactctccccaaaccacattgtaagcaattcaggtccctttatact
aatgaagtttgcctgacattcatttgcaatagccttggccaacaaagtttttccacaaccaggtgggcc
ataaaa 
 
F: agcaggatcaatgatatctggtc 
R: ctttgttggccaaggctattgc 
 
Amplicon: 323 bp 
 
 
 
>DmATG7 - Locus_1255_Transcript_1/7_Confidence_0_682_Length_969  
CGATCTAAGCAGTGGTATCAACGCAGAGTACAGGGGGAACCTAAGGTATCTCAACACCAGTAGGCAATA
ATTCAACATAGTACAGCCCCTCTCCTTCTCCTCCCCCGGTCCGCGGTGAAATTCGCACTCTACAGTCTA
CAATTCTTCTCCCTCTTCTTCTTGATTTGATCTCCTTGTTAGACACCATGGCCAAGAGTTCGTTCAAGC
TCCAACACCCCCTTGAAAACGGAGGCAGGCTGAAGCTGCACGGATCAGGGAGAAATATCCTGACAGGAT
CCCTGTTATTGTGGAAAAGGCTGAAAGAAGTGACATTCCGGACATTGACAAGAAGAATGACGTTGATGA
ATGTAGATATCTGGTTCCTGCTGACTTAACCGTGGGGCAGTTTGTCTATGTGGTAAGGAAGAGGATAAA
GCTCAGTGCCGAGAAAGCTATATTCATCTTTGTGAAGAATTATTCTCCCGCCAACCGCTGCGATGATGT
CTGCTATTTACGAAGAACATAAGGATGAAGATGGATTCCTCTATATGAACTACAGTGGTGAGAACACAT
TTGGTTCATCTTAAGCTCGAGCATTTATGCCGAGTGCATTGTGTATGTAGTAGTGTCCAAGGCAACTAC
TAATTCTGGTGTATATTCTTATCATCTCCCAACTTACCGCAAGTTTCAGTACTTGGATACTCATTTCTC
CACTTTAATGTCTCTTATGGTGATGGTTAATGCAACATGTATATCGTTGTATATCTCTGATTACTTCAT
CTTGGTTAATCCTTTCCTGACAAATTACACGAGCATTTATAAAGGAAACGATGACCAGGGAAAACCTTC
ATGCAGATTGCCAAGTACTGAAAACAGAAACGAAAACAGTGAATCTGCAATAAGTTGAACCACTGAAAA



CATAATGAGAGCCCAGACTACGTCTTTCATGTAAAGGTCCATCAGGAATATTCAATCATAGAGTACAGA
GTA 
 
F:  GTGGGGCAGTTTGTCTATGTG (249) 
R:  CCAAATGTGTTCTCACCACTG (250) 
 
Amplicon: 180 bp 
 
 
>DmACT7_II 1394 bp 
TCGTCATCTCACTCTGCAGGTATATAGAGAATGGCCGATGCTGAGGAGATTCAACCTCTTGTCTGTGAC
AATGGAACTGGTATGGTGAAGGCTGGGTTTGCTGGCGATGATGCTCCTAGGGCAGTGTTTCCCAGTATT
GTTGGGCGTCCCAGGCACACAGGTGTGATGGTTGGTATGGGACAGAAGGATGCTTATGTGGGTGATGAA
GCTCAATCTAAAAGAGGTATCCTTACCTTGAAATACCCCATTGAGCATGGCATTGTCAGCAACTGGGAT
GACATGGAGAAGATCTGGCATCACACTTTCTACAACGAGCTCCGTGTTGCTCCTGAGGAGCATCCGGTG
CTTCTAACTGAGGCTCCTCTCAACCCTAAGGCAAACAGGGAAAAGATGACTCAAATCATGTTTGAGACA
TTCAATGTCCCTGCCATGTATGTTGCTATCCAGGCTGTTCTTTCTCTCTATGCCAGTGGTCGTACAACG
GGTATCGTGTTGGACTCTGGTGATGGTGTGAGTCACACTGTCCCCATTTATGAAGGTTATGCACTTCCC
CATGCTATCCTTCGGCTGGACCTTGCTGGCCGCGACCTCACTGATTCTCTTATGAAGATTCTTACCGAG
AGGGGCTACATGTTCACAACCACTGCTGAACGGGAAATTGTTCGCGACATCAAGGAGAAGCTTGCATAT
GTAGCTCTTGACTATGAGCAGGAGCTGGAAACTGCCAAGAGCAGCAAGTTATTACCATAGGGGCTGAGA
GGTTCAGATGCCCTGAAGTTCTCTTCCAGCCTTCTTTGATTGGGATGGAAGCTGCTGGCATTCATGAGA
CAACCTACAATTCTATCATGAAGTGCGACGTTGATATCAGGAAGGACTTGTATGGTAACATCGTGCTTA
GTGGTGGTTCTACTATGTTCCCTGGCATTGCAGACAGGATGAGCAAGGAAATCACAGCACTTGCTCCAA
GCAGCATGAAGATCAAGGTGGTTGCTCCTCCAGAGAGGAAATACAGTGTCTGGATTGGAGGATCAATCC
TTGCATCTCTCAGCACCTTCCAACAGATGTGGATTTCCAAGGGCGAGTACGATGAGTCTGGTCCATCCA
TTGTCCACAGGAAATGCTTCTAAGCTCTACAGGATGCTTCGAGGGTGAGAGTCCAATATTTTCTTTAGT
TGCCTTGTTGTGTCAAGTGTCATGAACTCGATTCGGTTGAGCTGGAGGATCACGTTGGGTGTGGGTCAT
TGGAAGAAGGGtgtgcccttgatatgcttgttatatcaaatatccttcttccagctttcatggaaagtg
cttgatggtactgcatatttttaccttctgtgagctggtcctcacgtagcttttcgccatggctcgact
agtgcttgcgtaga 
 
 
F:  CATTGTCAGCAACTGGGATG (217) 
R:  aagcatatcaagggcacacc (203) 
 
 
Amplicon: 1014 bp 
 
>DmUCH-like - Locus_34_Transcript_9/10_Confidence_0.462_Length_1720 
UCH like GI:115447665 
TCTAAGCAGTGGTATCAACGCAGAGTACGGGGGAGCCGATAATCAGTCCACTATATTCTTCAGATTTTT
AGTGGATTTGTTCTGTCATCCTGTGAATATGTGCGGCCAATCCCCCACACCCACCTAGTGGGAAGAGAT
CACGTTGTTATCTTTGTGTGATCTTTAATTTATTAGCTTATTTGGATGAGCAAATGCAAAATTGATTGT
TCGATTGAACTCTAGTTCAACACCATTTTCTGTTTGCCATAAGGAAGGAAGCATATGCAATATACATGC
ACACTGATAGATGCATACATTTCAGTTCAAACAAAAGATTGCCACATAACTTCCAGGACAGGACCTGAC
AAAGAAACTCTGGCCAGTCACATGGAAACACGAAAACTCAAACCACTCGGCTTAGTTTTGGGCTAGTCT
CAAAGATCCCTCCCTCCCTATTCGCATGCAGCCTCATTGCCATAAAACTAACTGTAGCTAACTGGCTCA
ACTTATCCTCATGCAAGGCTCAGATTTGTAAACTCAACTCAACTCTGTCGGGCAGGCGGGCGGGCGAAA
CTAAAACCAAATAAGCAGCTTTTGAACGTCAATCTCAATATGTACCTCCGGAGTTCTTTGAGATTGCCA
TCACATTGAAGTTCACGGAGTCGGGGGTTTTCTGGATGATTTGCTTTATGACTTTGGTTGCATCCTGCA
ATAAGGTACTTGGGGAAGATATACCATGACATACTGGTCCTGATCTCCTTCCATCAAGCTCATAAAGAG
CACCATCTACACAGGTGAAGCAAATAAAATGTGTGTCCACGTTATCTGAAGCCTCAGTCTCGCCAGCAC
TAGCAGCTACAGAATGAGCAACTTCCATTTCTCTGTCATTCTCCAGAAATGCAGCACGCTCCAGAGCAT
CCATGTTTGCTGTGGACTTGAAAAACCTCTCCAAGAATGAGCCCTCAGAAAAGCTTTATTGAAGTGAAG
TTTCCTACAGCATGTAGCAGTCCAATGGTTCCACAAGCATTTCCTACAGTTTGCTTCATGAAATAAACT
TTACTGCTGACATCCTTCTTGATGCTATCCTCCTTCACTCTTTCTGCTTCACTCTCAGGGGTGATGGGA
AAAAGAAAAACCACTGCTAAGACAGGCTTTGGAACCATTTCCAGTAATTCATCATCCAAGCCATAAACA
TCATAGCACTCTGCTTCCTCTACTGGAAGACCAAGCCCCCAGAGAAACTGGTTCATGACATCCGGGTTA
GCTTCGAGAGGAAGCCACCTTTTCGATGAAGGGTTTTCGTCCATGGCGGAATTGGGACTCTCTCTCTCT
CTCTGTCGCCTACGTGCCTCTGCTTGCTTGTCCTTCTCTTCTTTCTTCTTTGAAGAAAGAGTTGCAAAG



ACCTTCTCATGATGGATGGCCCTCGGAGGTTTTGCAGTCGAAATTGTGACGACAATGTCGATAGTGTTG
GTTCCAGTTCTCGCGTAGCACGCCACATATTATTGTCTTTGCCTGAAGTTCAATTGTATCACAAAAGCA
AACTCGTCCATTATAGAGAACTATTGAGTATGGCTGATACCATGCCCTGAACAAGGTCCGAGTCCTGTG
ATCGGACTTGGGAGACGACGAGGAAAGGCAGAGATCCAATTTGTAGACCTTCCCCATAGCTAGAAGTAT
GTATATGTTGAAGAAATTGCGACACCCCCTTCCATGCCTTCTCCTCCTCCTGCTACTGCAGTCT 
 
F: CTTTGGTTGCATCCTGCAATAAGG 
R: AGCTTCGAGAGGAAGCCAC 
 
Amplicon: approx. 589 bp 
 
 
>DmUBQ - Locus_4158_Transcript_3/4_Confidence_0.700_Length_1310 ubq 
GI:102655942 
AAAGGGGGAGAGAAGTACTACAGCTGCAGAACATTTATGCAAAACGCATTTGTATGGAGAAACCAGAAT
TGAACAAATTAAAGTACAGGTAGAACACACACTTATTAAATCCACAATATTTGGACCCACAATTTCGAA
AGAGAGTCACTAAAACATGGCTAAATCACACAATATACTGATATATATCAAGAGGTAAGATGAAAGACA
TATAATAGCAAATGGTGGCTGGGCTGCAATCAAATTCTCAGAAATCACCTCCACGAAGGCGGAGGACGA
GATGAAGAGTTGATTCCTTTTGGATGTTATAGTCGGCTAGGGTTCGGCCATCTTCCAACTGCTTCCCGG
CAAAGATGAGCCTCTGCTGGTCCGGAGGAATTCCTTCCTTGTCCTGAATTTTGGACTTCACATTATCAA
CGGTGTCCGAGCTCTCCACCTCCAAAGTGATGGTCTTCCCAGTAAGAGTCTTAACAAAGATCTGCATCC
CACCACGGAGCCTCAGGACAAGGTGAAGCGTAGACTCCTTCTGAAGTTGTAATCCACGAGCGTACGGCC
ATCCTCGAGCTGTTTGCCAGCAAAGATCAGCCTCTGTTGGTCTGGAGGAATGCCCTCTTTGTCCTGAAT
CTTTGCCTTCACATTGTCAATTGTGTCAGAGCTCTCGACCTCCAATGTGATGGTCTTGCCGGTGAGAGT
CTTCACAAAGATCTGCATACCACCACGGAGACGAAGAACAAGGTGGAGTGTTGATTCTTTCTGGATGTT
ATAGTCGGCAAGCGTACACCATCTTCAAGCTGTTTCCCAGCAAAGATGAGCCTCTGCTGATCTGGAGGA
ATGCCCTCCTTATCCTGAATCTTGGCCTTCACATTGTCAACTGTGTCAGAGCTCTCCACTTCCAGGGTG
ATTGTCTTGCCAGTGAGGGTCTTGACAAAGATTTGCATCCCCCCACGGAGGCGGAGGACAAGGTGAAGA
GTTGATTCTTTCTGGATGTTGTAGTCTGCTAGGGTTCGGCCATCTTCAAGCTGTTTCCCAGCAAAGATC
AGCCTTTGCTGATCTGGGGGAATTCCCTCCTTATCTTGGATCTTTGCTTTCACATTGTCAATGGTGTCA
GAGCTCTCAACCTCAAGAGTGATCGTCTTCCCCGTTAGAGTCTTAACAAATATCTGCATCTTTTAGCAA
GAAAAGGAGAGAGAACAAGAACGGCGAGCAAACGGGGAAGCTGATCCGATCAACGACTCTGTGAAGTGT
GAATACGACCTCCGGGGATGGTGAATTGATTGCCCCCCCGTACTCTGCGTTGATACCACTGCTTAG 
 
F:  GTCTTCACAAAGATCTGCATACCACC 
R:  ATCTTTGTCAAGACCCTCACTGG 
 
Amplicon: 247 
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    

  


    
   

    
   


    
    
    















  
   
    
  
     
   
   
  
  
   
  
   
   
    
    
   
   




   
  
  
   
   
    
   
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Supplementary file S3 
 
>DmACT7_II 1394 bp 
TCGTCATCTCACTCTGCAGGTATATAGAGAATGGCCGATGCTGAGGAGATTCAACCTCTTGTCTGTGAC
AATGGAACTGGTATGGTGAAGGCTGGGTTTGCTGGCGATGATGCTCCTAGGGCAGTGTTTCCCAGTATT
GTTGGGCGTCCCAGGCACACAGGTGTGATGGTTGGTATGGGACAGAAGGATGCTTATGTGGGTGATGAA
GCTCAATCTAAAAGAGGTATCCTTACCTTGAAATACCCCATTGAGCATGGCATTGTCAGCAACTGGGAT
GACATGGAGAAGATCTGGCATCACACTTTCTACAACGAGCTCCGTGTTGCTCCTGAGGAGCATCCGGTG
CTTCTAACTGAGGCTCCTCTCAACCCTAAGGCAAACAGGGAAAAGATGACTCAAATCATGTTTGAGACA
TTCAATGTCCCTGCCATGTATGTTGCTATCCAGGCTGTTCTTTCTCTCTATGCCAGTGGTCGTACAACG
GGTATCGTGTTGGACTCTGGTGATGGTGTGAGTCACACTGTCCCCATTTATGAAGGTTATGCACTTCCC
CATGCTATCCTTCGGCTGGACCTTGCTGGCCGCGACCTCACTGATTCTCTTATGAAGATTCTTACCGAG
AGGGGCTACATGTTCACAACCACTGCTGAACGGGAAATTGTTCGCGACATCAAGGAGAAGCTTGCATAT
GTAGCTCTTGACTATGAGCAGGAGCTGGAAACTGCCAAGAGCAGCAAGTTATTACCATAGGGGCTGAGA
GGTTCAGATGCCCTGAAGTTCTCTTCCAGCCTTCTTTGATTGGGATGGAAGCTGCTGGCATTCATGAGA
CAACCTACAATTCTATCATGAAGTGCGACGTTGATATCAGGAAGGACTTGTATGGTAACATCGTGCTTA
GTGGTGGTTCTACTATGTTCCCTGGCATTGCAGACAGGATGAGCAAGGAAATCACAGCACTTGCTCCAA
GCAGCATGAAGATCAAGGTGGTTGCTCCTCCAGAGAGGAAATACAGTGTCTGGATTGGAGGATCAATCC
TTGCATCTCTCAGCACCTTCCAACAGATGTGGATTTCCAAGGGCGAGTACGATGAGTCTGGTCCATCCA
TTGTCCACAGGAAATGCTTCTAAGCTCTACAGGATGCTTCGAGGGTGAGAGTCCAATATTTTCTTTAGT
TGCCTTGTTGTGTCAAGTGTCATGAACTCGATTCGGTTGAGCTGGAGGATCACGTTGGGTGTGGGTCAT
TGGAAGAAGGGtgtgcccttgatatgcttgttatatcaaatatccttcttccagctttcatggaaagtg
cttgatggtactgcatatttttaccttctgtgagctggtcctcacgtagcttttcgccatggctcgact
agtgcttgcgtaga 
 
Inner forward primer: tctttgattgggatggaagc 
 
Inner reverse primer: gcaatgccagggaacatagt 
 
Outer forward primer: cattgtcagcaactgggatg 
 
Outer reverse primer: aagcatatcaagggcacacc 
 


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