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Abstract

Eulimnogammarus verrucosissan amphipod endemic to the unique ecosystem of Lake Baiikbserves in particular

as an emerging model in ecotoxicological studies. We reeng on a survey sequencing of its genome as a first step
to establish sequence resources for this species. Frongla ame of paired-end sequencing data we estimated the
genome size as nearly 10 Gb and we obtained an overview oéfieat content. At least two thirds of the genome are
non-unique DNA, and a third of the genomic DNA is composedust five families of repetitive elements, including
low-complexity sequences. Attempts to usktbe-shelf assembly tools failed on the available low-cage data both
before and after removal of highly repetitive componentsing a seed-based approach we nevertheless assembled
short contigs covering 33 pre-microRNAs and the homeodoyoantaining exon of nine Hox genes. The absence
of clear evidence for paralogs implies that a genome dupicalid not contribute to the large genome size. We
furthermore report the assembly of the mitochondrial gemoising a new, guided “crystallization” procedure. The
initial results presented here set the stage for a more @mpéquencing and analysis of this large genome.
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INTRODUCTION

Lake Baikal, located in an intracontinental rift zone in
the central region of southern Siberia, is the world’s old
est (25-30 million years), by volume largest (23,00Gkm Vs
and deepest (1642 m) lake, containing about 20% of thj
world’s liquid freshwater (Rusinek, 2012a). The environ-}
mental conditions of open- and deep-water zones ha
remained close to their current state for the last 2-4 mil§ ™
lion years (Kozhova and Izmest'eva, 1998; Timofeyev,
2010). Lake Baikal features very specific abiotic charac
teristics that distinguish it from all other freshwater bod
ies in the Palearctic: (1) high oxygen content throughou#
the entire water column, (2) stable low water temperature
with long seasonal ice coverage of the lake surface, and. .

(3) super-oligotrophic conditions (Kozhov, 1963). Flgure_ 1 Euhmnpgammargs verruco_SL(GerstfeIdt,_

As a unique ecosystem with exceptionally high de_1£_358) is an amphipod species endemic to Lake Baikal
grees of biodiversity and endemism, it was designated i¥ith @ Size up to 45mm from telson to rostrum. Its typ-
1996 a UNESCO World Heritage ShteSo far, 2595 ani- ical color is green with black stripes across the body
mal species from Lake Baikal have been identified or deS€gments and antennae. The eyes are very slender and
scribed, of which 80% are endemics (Timoshkin, 2001h€ segments of the meta- and urosome are armored by
Rusinek, 2012b). This high degree of endemism reflectorns. The karyotype is = 26 (Salemaa and Ka-
the long evolutionary history of Lake Baikal in isolation Maltynov, 1994a,b).  This species is omnivorous and
from other freshwater bodies (Timofeyev, 2010). Virtu- iNhabits rocky substrata close to shore down to 10-15
ally nothing is known about the molecular basis behindneters water depth (Kravtsoea al, 2004; Bazikalova,
the physiological adaptations of the endemic species t6945)- Photo by Vasiliy Pavlichenko.
the specific abiotic conditions of Lake Baikal. Next-
generation sequencing technologies now provide the pos-
sibility to obtain comparatively ffordably comprehen- Caprella equilibra(Libertini et al, 2003) toC = 64.62
sive genome and transcriptome data that will be usefuh Ampelisca macrocepha(@elzileet al, 2007). Within
for addressing such questions. the family Gammaridae the genomes sizes reported in

In particular, theAmphipoda an abundant macro- the Genome Size Database vary betwer: 1.58 to
invertebrate taxon in Lake Baikal, comprises more tharg = 3.80 (Gregory, 2012), while Vergilinet al. (2012)

350 species and sub-species, all endemic to this ecosyigportsC = 14.06 for Gammarus lacustrisThe genome

tem (Rusinek, 2012b). DNA sequence information forsjzes of baikalean amphipods are at present not available
amphipods in general is still scarce. Beyond mitochonin the literature.

drial genomes used for phylogenetic analyses (Cook
et al, 2005; Bauza-Riboet al, 2009; Ki et al, 2010;
Krebes and Bastrop, 2012; Shéhal,, 2012) and a few
individual nuclear genes, the only systematic resource
are a BAC library generated from genomic DNA of
Parhyale hawaiensi@archenet al., 2010) and two very
recent transcriptome studies alsoFnrhawaiensigZeng

et al, 2011, Blytheet al, 2012). The closest relative
with a well-developed genomic resource is the water fle
Daphnia pulexXColbourneet al, 2011), but belongs to a
different ClassBranchiopoda.

Amphipods are among the clades with highly vari-
able genome sizesC-values range fron€ = 0.68 in

Eulimnogammarus verrucosy&erstfeldt, 1858; Fig-
ure 1), an amphipod species endemic to Lake Baikal, is
a typical inhabitant of the upper and sub-littoral zones
8f this lake, where it is found in relatively large num-
bers at water depths from 10 cm down to 15 m in sub-
strate consisting of medium-size to large round pebbles
(Bazikalova, 1945). This species has a temperature pref-
erence of 5-6C with oxygen levels above 9mg.Q
EtTimofeyev and Shatilina, 2007). Itis comparatively sen-
sitive to higher temperatures. Juveniles are more toler-
ant to low oxygen levels and high temperature than adult
stages (Shatilinat al, 2011; Bedulinaet al,, 2013). As

E. verrucosusccurs close to the shore it may be partic-
ularly affected by water pollution and other human activ-
2httpy/whc.unesco.orgnlist/754 ities. Therefore it serves as a relevant model species for




ecotoxicological studies of thefects of anthropogenic of 33 different precursor sequencedofverrucosugson-
contamination in the Lake Baikal amphipod fauna. Itstaining 38 mature sequences, compiled in the electronic
genome size was unknown so far. We here present th&upplemerit We assigned -3p or -5p nomenclature to
first survey sequencing of the genome of a baikalian amthe mature microRNAs according to its position on the
phipod,E. verrucosusfrom a single lane of an Illlumina precursor. The strand of the precursor was selected ac-
Hi-Seq 2000 as a way to obtain an overview and a basesording to theinfernal hit.

line for deeper investigations in amphipod genomes. With these mature sequences, we repeated the
blastn-based search and tis&A assembly. Then, the
entire set of preprocessed DNA-seq reads was mapped
onto the assembled contigs usingwtie2 (Langmead
Specimen and Salzberg, 2012) in its local mode where partial over-
laps can be detected as well. To control for spurious hits,
any mapping was discarded<f 50% of the read length
was mapped onto the contig or if the accuracy of the map-
ping, i.e., the fraction of matches in the alignment, was
< 90%.

MATERIALS & METHODS

E. verrucosusspecimen for sequencing was sam-
pled by kick-sampling in 0.5 to 1 m deep water at
the shore of Lake Baikal, close to the biological field
station of Irkutsk State University in Bol'shie Koty
(51°5411.67’N, 1050407.61"E).

. . . . Hox gene ann ion
DNA isolation, Sequencing, and Data Preprocessing oxge e.a.l otatio . .
In addition to microRNAs, we searched in the

A detailed description of the DNA isolation and se- .
. L unassembled sequencing data for the ten Hox genes of
guencing protocols used in this work and the data pre: :
hALRS . the arthropod HOX cluster (Greniet al,, 1997). These
processing is given in the Supplementary Methods. Dat S :
. . ey developmental transcription factors contain the ex-
that was preprocessed, clipped, and merged is hereafter ST
B . . - remely well conserved homeodomain with a length of
denoted as “sequencing data” and used in all analyse 4 :
, ) ; - 0 amino acids. We therefore useddlastn to re-
unless mentioned fierently. Basic statistics on the data

after processing witlBASAVA (raw) as well as after both trieve reads with h|gh similarity to t.he Hox proteln
. : : . sequences oDaphnia pulexfrom Uniprot (UniProt
preprocessing steps is summarized in Table 1.

Consortium, 2013) (accession numbers in 5-3' or-
MicroRNA Annotation der of the HOX cluster: Abd-B EFX86798.1, Abd-
A EFX86800.1,Ubx EFX86802.1,Antp EFX86804.1,

MicroRNAs are rather easily detectable already inFtz EFX86805.1,Scr EFX86800.1,Dfd EFX86808.1,
unassembled genomic data due to their small size anﬂedHOXS EFX86809.1, Pb EFX86800.1, andLab
extreme level of sequence conservation. Using a Simp|E|:)(86813_1)_ For each Hox gene, we aligned all match-
blastn SearCh, we |dent|f|ed readS tha.t matched maturﬂ]g reads W|th each other to get |n|t|a| ContigS. Subse_
microRNA sequences frorR. hawaiensig21 queries, quently, these genomic contigs & verrucosusvere
Blythe et al. 2012),D. pulex(45 queries from miRBase jteratively extended by searching for DNA-seq reads as
19, Wheeleret al. 2009), andMarsupenaeus japonicus extension candidates usibgastn, aligning them to the
(48 queries, Huanet al. 2012). These reads were as- contigs, and manual curating the sequence alignments to
sembled usingGA, requiring a minimal overlap of 20nt.  zjjow very few sequence errors @) but to avoid invalid
Only contigs having trustworthy mature microRNA hits or ambiguous extensions. We stopped the iterations if no
(< 2 errors) were kept. To check for precursors, the ré{unambiguous) extension was possible.
maining contigs were analyzed withisearch of the In- Since these genomic contigs Bf verrucosuswere
fernal package (Nawrockit al, 2009) using all miRNA-  ysed in all subsequent Hox gene analyses, we outline in
related covariance models from Rfam 11.0 (Gardnepetail the precautions that were taken to prevent reads
etal, 2011). Being conservative, the best-scoring hit forcomprising biological variation to be used for extension.
each contig was only considered reliable ifitssearch  Here, biological variation might be present due to the
bit score exceeded 25, if theffirence in bit score be- minor contamination by congener species (inter-species)
tween best-scoring and second best-scoring hit was @{nd due to the possibility of paralogs (intra-species). As

least 10, and if the miRNA family of the mature sequence result of the low sequencing coverage, the distinction
found on the contig matched the miRNA family of the

covariance model that resulted in the best hit. We ex-
tracted the sequence of all reliable hits and compiled a set 3www.bioinf.uni-leipzig.dgpublicationgsupplemenyd 3-003
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Paired-end reads Single-end reads
Reads (M) Bases (Gb) Avg. length (bp) Reads (M) Bases (Gb) . lmth (bp)

raw 352.7 35.6 101.0 - - -
clipped 352.7 33.3 94.3 - - -
clipped+ merged 227.0 22.7 99.9 62.9 6.1 97.3

Table 1. Basic statistics of the data after sequencing ancdegsing with th€ASAVA pipeline (raw) as well as after
preprocessing by clipping and merging steps. The clippetgtrged data were cleaned after merging using an in-house
script to resolve false positive and false negative cligpias well as illegitimate mergings (see text for detailslede
data were used in all subsequent analyses.

between sequencing errors and biological variation wadaxEntScan (Yeo and Burge, 2004). Acceptor and
generally dificult. Nevertheless, sequencing errors aredonor splice sites wittMaxEnt scores above 7 and 4,
expected to occur uniformly whereas biological varia-respectively, are likely functional. To check for splice
tion is expected to be correlated with its selection pressite conservation, we extracted the coding sequences of
sure, i.e., in case of strong selection pressure, biologithe Hox genes ob. pulexincluding the splice sites and
cal variation is repressed. Hence, even though the prananually aligned them to the corresponding contig of
tein sequence of the homeodomain may be under strongerrucosus If the similarity of the alignment dropped
selection pressure, 3rd codon positions and intronic sesignificantly or if the homeobox on the contig ended pre-
guences (if not overlapping non-coding genes) are unmaturely, it is likely that the contig contains an intron-
der much weaker selection. We started the extension bgxon junction at this position. We therefore searched for
searching for reads with high similarity to the Hox pro- a predicted splice site with good scores close to such
tein sequences d. pulex In this step, we might have locations. In addition, we searched for in-frame stop
captured reads from paralogous loci or congener specieondons which indicate either the true end of the coding
as well. However, we can expect that such “contamisequence or intronic sequence. If no splice site was iden-
nating” reads either result in ambiguous extensions outtified with confidence, we mark the region as exonic un-
side the highly conserved homeodomain/antb exhibit  til the first stop codon appeared despite the possibility of
“errors” primarily at 3rd codon positions. In this manner a true but less confident splice site before. By compar-
we can identify reads comprising biological variation anding the intron-exon structure on the contigs to the corre-
stop the iterative extension of the contig whenever multisponding regions ib. pulex we were able to determine
ple possibilities appear in the data. The absense of suakihether there is splice site conservation, innovations or
reads thus provides us with upper bounds on the possibless.

variability in a given region and argues against the exis-

tence of paralogous sequences or by congener contarRepeat Analysis

ination. The same arguments are true for miRNA con- Considering that repeated elements can be widely

tigs where the mature but not precursor sequence (excegﬁundant in eukaryotic genomes (Richatdal, 2008)

fszrr;t/r;edstem loop structure) is expected to be highly CONve aimed to assess the classes and proportions of the

most abundant repetitive elements present in the genome
Furthermore, we annotated the homeobox on the corsf E. verrucosus

tigs. The contig sequences including the location of the Using Jellyfishv1.1.6 (Marcais and Kingsford,
homeobox can be found in the electronic supplementzon), 24-mers that appeared more than 500000 times
To analyze whether one of these Hox genes appeargd our data were identified and assembled into 198 ini-
in multiple paralogous copies, the sequencing data Wagg| contigs usingsGa (Simpson and Durbin, 2012), re-
mapped onto them usinggemehl (90% accuracy) and quiring a perfect overlap of at least 20 nt, followed by
a position-wise coverage was calculated over the part Qfreedy extension. These initial contigs were further
the homeobox present on the contigs. reduced to 97 extended contigs after manual curation
For each contig, potential splice site donor and acto correct sequencing errors and collapse similar mo-
ceptor sites were predicted using the web service ofifs using ClustalWw algorithm for multiple alignment
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with default parameters (Thompsat al, 1994) em- once. The probability of selectingkamerw from G is
bedded inMEGAV.5.10 (Tamuraet al, 2011) and Se- p = 1/(2- (m-k + 1)). The frequency X of &mer
guencher softwarev4.8 (Gene Codes Corporation, Anin the sequencing data after drawing read sequences with
Arbor, U.S.A) with the parameters: dirty data assemblyreplacement fron® can be modeled by the binomial dis-
algorithm, optimize gap placement and use re-alignettribution X ~ B(n, p) wheren andp is the total number
minimum match percentage between 85-95% and minef K-mers in the read sequences and the probability of
imum overlap between 20-70bp. In order to redefineselecting &-mer fromG, respectively.

the boundaries of these consensus sequences, we perWe denoted &-merw with f(w) = X repetitive i
formed a mapping usingegemehl (Hoffmannet al,  P(X > x) < 0.01 since it would be highly unlikely that
2009) with 90% accuracy and trimming to segments withis unique inG. Let Xmin be the minimal value ok such

a coverage> 1000X. It resulted in a set of 96 final re- thatP(X > x) < 0.01 holds. The se$r(k) of repetitive
peat contigs and 41 core repeat sequences were identifigemers is given bysg(k) = {w | w e S(K) A f(W) > Xmin}.
within the repeat contigs. To identify low-complexity Due to the classification, the repeat contef S(k) was
core repeats, we used tepeatMasker web server calculated according to the following equation and it was
(Smit et al, 2013) with default parameters (except for used as an estimate of the repetitive conter@ of
crossmatch search engine, slow spgshsitivity, DNA

sources: human, fruit fly, malaria mosquito and pan- C= Lwesa (W) _1 Z f ()

icoids) andCENSOR-GIRI (Kohany et al, 2006) with Dwesy fW) N A=

parameters: sequence source ALL, report simple re-

peats ON. We also calculated the relative entropy (oAssembly of the Mitogenome

Kullback-Leibler divergence) of the dinucleotide content |n order to identify and assemble the mitochondrial

in the core repeat sequences compared to the backgrouptA, we followed a reference-based strategy since mi-
distribution in the entire sequencing data. The evolutogenomic sequences of related amphipods are known.
tionary history was inferred usingeGAv.5.10 with the  |n total, we used the mitogenomic sequencesOuf
Neighbor-Joining method (Saitou and Nei, 1987) includ-isimus nansen({Ki et al, 2010), Gondogeneia antarc-
ing 1000 bootstrap samples. The evolutionary distancegca (Shinet al, 2012) Metacrangonyx longipe@auza-
were computed using the Maximum Composite Likeli-Ribotet al., 2009),Parhyale hawaiensjgndGammarus
hood method (Tamuret al, 2004). All positions con- duebeni(Krebes and Bastrop, 2012), where the latter
taining gaps and missing data were eliminated. The corgithin the subordeGammarideas expected to be the
repeat sequences were classified into cluster according tosest relative tcE. verrucosusrom the five species
the phylogenetic analysis. Annotation of these core rementioned before.
peat sequences was performed usingothest web ser- To get initial seeds, or “crystals”, the sequencing data
vice (Altschulet al, 1990) at NCBI with parameters: nu- was mapped to the mitogenomes usifegemehl with
cleotide collection -nint- database, optimized for ‘some- |ow minimum accuracy (80%). Due to the high diver-
what similar sequenceshlastn, and filter low com-  gence to other amphipods, the read alignments covered
plexity sequences OFF. only a small portion of each mitogenome where the di-
We further conducted &mer based repeat analysis vergence was lower. The reference was subsequently
on the survey sequencing data. Givertet S(k) be ak-  mutated by means of consensus calling with the read
mer set wherav € S(K) iff wis a nucleotide sequence alignments. In brief, if a position was covered Hy20
of lengthk andw is a substring of a read sequence orreads and the majority of the aligned reads overlapping
the reverse complementary of a read sequence in the sghis position showed an alternative to the reference base,
guencing data. The frequenéyw) of eachw € S(k) is  the reference base was replaced by the alternative. In
defined as the total numberwfin the read sequences or similar manner, the reference sequence was altered in
the reverse complement of read sequences. By definitiomase of coherent insertions or deletions in the read align-
the frequency ok-mers not occurring in the sequencing ments. The sequencing data was then mapped to the
data is 0. The total numberof k-mers in the read se- modified reference witBegemeh1, leading to an exten-
guences (including the reverse complement) is given bygion of the crystals.
n= Zwes(k) f(w). This “crystallization strategy” of mapping and mu-
Assuming a random referene® of length m with  tating was iteratively applied to each mitogenomic se-
4K > m, there are 2 (m — k + 1) k-mers from both quence until the extension of crystals stagnated. Subse-
strands ofs and eactk-mer is expected to occur at most quently, we collected reads which originated likely from
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the mitogenomic sequence Bf verrucosus To iden- codons in the corresponding genome areas. Both riboso-
tify these high-quality mitogenomic reads, the sequencmal RNAs were annotated according to tBammarus

ing data was mapped to the last iteration of each muduebenigenome. The mitogenome was visualized with
tated mitogenomic sequence usiggemehl. All reads  the help ofntviz®.

which mapped without errors to one of the mutated mi-

togenomes were considered mitogenomic and assemblédtempts tale novoassembly

to the set of 26 initial contigs usirgiA (perfect overlaps We tested several approaches towatelsovagenome
> 45nt). assembly of the survey sequencing dat&Eoferruco-

To obtain the entire mitogenome Bf verrucosuswe  sus Prior to any assembly, read sequences contain-
iteratively extended the initial contigs in both direction |ng ambiguous bases (eg N) and reads C|ear|y derived
In brief, we used a greedy extension method with mafrom the mitogenomex 90% accuracy) were excluded.
jority voting. First, sequencing reads were identifiedThe remaining reads constituted the first dataset used
which contained the first or last 45nt of a contig andfor assembly. For the second dataset, we additionally
extended beyond the contig. The contig was extendegemoved repetitive subsequences. More precisely, we
by the sequence of maximal length that satisfied the folidentified 30-mers that appeared more than six times
lowing conditions: the extension must be supported byyithin the sequencing data usingellyfishv.1.1.6
> 80% of the reads with minimum of 100 reads. The(Marcais and Kingsford, 2011) and excluded read se-
search for reads with start or end overlaps and the suluences that comprised any of these 30-mers or their
sequent extension was iteratively applied. Afterwardsreverse complements. To assemble both data sets,
the sequencing data was mapped to the extended contigie used S0APdenovov.1.05 (Li et al, 2010b) and
using segemehl and the perfectly mapping reads wereyelvetv.1.2.08 (Zerbino and Birney, 2008) withmer
again subjected to an assembly withA (perfect over-  sjzes 23 and 31. The assemblies were evaluated using

laps> 45 nt). The resulting set of final contigs containedcommon measures such as N50 and number of contigs
the putative mitogenomic sequencetafverrucosusass  |onger than 100 bp and 1 kb.

the only contig with the expected mitogenomic length
(> 14 kb) and a more than 20-fold higher mean position-
wise coverage compared to all other contigs. RESULTS

To reduce the computationaffert, we used only a Estimating the Genome Size
subset of reads pre-filtered bylastn during interme-

diate steps instead of mapping the entire sequencing dart%;rr? t?;gtﬁ;g?;lzir?r;t:ri:lu(zl_i::ugei;%':;’ tl)talzecdom-
at each iteration step. P

approaches, e.g. in the giant panda genome project (Li
et al, 2010a). However, due to the low coverage of our

survey sequencing data, themer based approach was

The mnoghondnal genome was annoFated using th?mt successful in discriminating sequencing errors from
MITOS pipeline (Berntet al, 2012). All mitochondrial the coverage in unique regions (data not shown). In-

protein coding genes were detected. However, a SUtEtead, we assessed the coverage and applied the Lander-

set of _the tRNA?Q’ and the_ 16s ribosomal RNA was NOW\aterman equation (Lander and Waterman, 1988) to es-
found in the initial analysis. A manual comparison of timate the genome size

the annotations to the mitogenome@dmmarus duebeni — \v\. o a small number of non-repetitive DNA
and mRNA sequences published in previous stud-

Annotation of the Mitogenome

(Krebes and Bastrop 2012) showed that nearly all pro

tein genes were annotated _too long. We the'reforg as: myosin heavy chain mRNA partial cds GenBank:
MiTFi (Juhlinget al, _20;2) mdep_endently to identify AF474964.1 (Bensoet al, 2013),gapdhmRNA par-
all mt-tRNAs. - The missing 16S ribosomal RNA were ;) g (Bedulinaet al,, 2013) and heat shock protein 70

thus identified easily within the raw data; it was rejected(hsp70 gene complete cds GenBank: JQ003919.1. Af-
in the initial MITOS because of substantial overlaps with ter mapping the sequencing data withgemehl (90%

thet ar? chenf prote|tr)1 s;aqt:ednce. . Thteh rltbosomgl ?'EA ccuracy) to those sequences, the position-wise cover-
maiched only a subset ot domains that were inciude ge was calculated. The reads mappin$ldoci were

in the general rRNA models ofIT0S. The mitogenome ; ; ;
: ) . counted as N to avoid counting multiply-mapped reads
pattern matches that @&. duebeni The protein coding M g ply-mapp

genes were compared ®ammarus dueber@nd man-
ually adapted by searching for adequate start and stop “http;/pacosy.informatik.uni-leipzig. dentviz/
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Figure 2: Coverage by sequence position after mapping tngeseing data to published DNARNA sequences of

E. verrucosusgapdh myosin andhsp70 Mean and standard deviation for the coverage of each sequemdciated

as solid and dotted lines, respectively. In the coveragmaton, only the black colored segments were considered.
The first and last 100 bases of each sequence were skipped theedoverage decay towards the ends. Furthermore,
two internal segments (positions 530-574 and 1143-139%23a7 Owith a coverage of around 44 and 16, respectively,
were also excluded from the calculation (see text for furtietails).

multiple times. The position-wise coverage over the sed184, mir-263), we found two divergent precursors, re-
guences is shown in Figure 2. To avoid a bias in the covspectively. For the mir-184 family, we found distinct ma-
erage calculation, the coverages at the first and last 10@re sequences that perfectly matches dpu-miR-263a and
bases were excluded (gray-shaded in Figure 2) since tlapu-miR-263b from mirBase, respectively. The dataset
coverage naturally decays towards the ends. Moreovecpomprised the majority of the microRNA families known

in hsp7Q two internal segments (shaded in gray) wereto have been evolved before the split of crustaceans and
not considered in the analysis due to their high degree dhsects (Herteét al, 2006; Tanzeet al., 2010; Campbell
multiple mappings. For example, the region 1143-1392t al, 2011).

of the hsp70 gene is part of the promoter region contain-

ing the GAGA-factor binding site (GAGA) and two heat

shock elements -HSE- (gaatgttcattttaaatag and gaatgatct-

gaaaag) (Bedulinat al, 2013). HSE can be found in  pgsition-wise coverage was estimated by mapping the
many stress-inducible genes and GAGA-factor bindin%equencing data withegemehl (90% accuracy) to the
site is also a common element in promoters (Gonsalvegontigs containing microRNA precursors. The coverage
et al, 2011). The extreme increase of coverage in thgjistribution of each mature miRNA &. verrucosuss il-
short region 530-574 cannot be explained by mapping,strated as box-whisker plots (see Figure 3). In addition,
full-length reads and hence was discarded as potentigh the right-hand side panel, the distribution of the mean
artifact. Taken together, we estimated the coverage ayerage values for the individual mature microRNASs is
2.96+0.72 X. shown. The average of this distribution served an average

To improve this preliminary estimate of the overall of the overall genome coverage. We obtained a value of
genome coverage, we searched for additional genomi2.92 + 0.27 X, which was consistent with, but more ac-
regions that (i) can be identified already in unassembledurate than, the estimate obtained from the few protein-
data and (ii) are likely to be unique in the genome. Mi-coding loci. With a yield of 28.8 Gb preprocessed se-
croRNAs are particularly well-suited for this analysis be-quencing data (Table 1), we estimated the genome size
cause mature miRNA sequences are very short but highlgf E. verrucosust 9.96+ 0.92 Gb. This value might be
conserved and thus can readily be detected in the salightly overestimated due to presence of reads derived
guencing data. li. verrucosuswe identified 38 mature from contaminants in the sample. However, we estimate
microRNAs in 33 distinct pre-miRNAs belonging to 30 that these account for less than 5% of the data (see be-
different miRNA families. In three of them (mir-2, mir- low), i.e., at most half of a standard deviation.
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Figure 3. Box-whisker plots of the position-wise cov- Fve bt b Ubx Antp Fez Scr Dfd Zen Pb Lab
erage for each newly annotated mature miRNAEof  ppy JL h m ﬂ I n n m m m
verrucosus The right panel shows a Gaussian kernel-
smoothed density of the distribution of coverage means.
The distribution of coverage means is used to estimate
the genome size &. verrucosugsee text for further de-
tails). Figure 4: Comparison of Hox genes betwdrnverru-
cosusand Daphnia pulex (a) Contigs containing parts

of homeobox genes. In each case, the upper block rep-

Hox genes resents the contigs obtained frdfn verrucosusand the

The Hox genes are a group of transcription factorgger block, the corresponding exons froln pulex
with key roles in animal developmentthat are arranged irlspaded box indicate the homeobox sequence, red dots
a single gene cluster in most bilaterian gnimals. Arthro'represent stop codons. Dashed lines indicate putative
pods typically harbour 10 genes (Grenédral, 1997).  gpjice sites. (b) The genomic organization of the Hox

Hox genes have been used as indicators for large-scalgnes irD. pulex(in 5'-3' orientation) is shown in scale.
duplications in the past (Ruddé al, 1999; Crowet al,,

2006) and hence they can also indicate whether genome

duplication(s) hagkave contributed to the large genome ) ] )
size of E. verrucosus Using the sequencing data, we thatFtz might be absent ift. verrucosusince so far no

performed a semi-automatic extension procedure withZ9ene has been identified in any member ofiea-
hands-on work in order to assemble the genomic regiofOStraca(Deutsch and Mouchel-Vielh, 2003).
of the homeodomain of ten Hox genes (see Methods sec- We investigated whether one of the Hox genes may
tion for details). The absense of ambiguous extensionke present in multiple paralogous copies in the genome
or coherent sequence variation indicated that reads cowf E. verrucosusy analyzing the sequencing coverage
taining biological variation did not play a role during ex- over the homeobox (see Methods for details) and illus-
tension. The median size of the resulting contigs wadrating it gene-wise as Box-Whisker plots (see Supple-
430nt. With the exception dflbx, peripheral regions mentary Figure S1). The average coverage of about 3 X
of contig sequences showed only minor similarityto ~ was consistent with the microRNA-based estimate. Al-
pulex pointing to either a much less conserved exonic othough the coverage faterfHOX3is twice as large, we
more likely an intronic region (see Methods section fordid not observe any sequence variation (nhot even in 3rd
an explanation). codon positions) that would support a gene duplication,
We were not able to identify any read in the sequencwhich (outside the vertebrates) has been observed e.g. for
ing data clearly originating from the Hox geRéz. This  several Hox genes iGhelicerata(Schwageet al., 2007)
could be caused by infiicient coverage at the home- and theZengene in some flies (Staubetral,, 1999). Itis
odomain motif ofFtz. A more plausible explanation is possible that a very recent gene duplicatiorzefiwith
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virtually no sequence variation might have been missed o0 AL

due to the limited sequencing data. To detect such an 36[|{\A4

event, it would be necessary to assemble thezeifigene 03

with distinct peripheral genomic regions. Nevertheless,

it would still not be an indication of large-scale genome

duplications as this would@ect other Hox genes as well.
In order to demostrate the use of the genome sequenc s

ing data, we investigated the conservation of splice sites. 4

Figure 4 summarizes the results of a comparison betwee

the contigs and the corresponding regions of the Hox

genes oDaphnia pulexIn the case of the acceptor splice 3 4&

sites, we found conservation in all Hox genes except for 6 ——b2

LabandZen In the former case, a predicted splice site P

was identified 177 nt downstream of the annotated accep- o1

tor site inDaphnia pulexwhereas no confident acceptor _ )

splice site was present in the caseZafn indicating a Figure 5: Phylogenetic tree of the core repeat se-

splice site loss. Since the homeodomain is located in thguences of the most abundant repeat clusters (A, B, D,

last exon oD. pulexin all Hox genes except fdcr, we and E). The tree was c_alculated_a_nd const_ructed using

did not find conservations of donor sites. We found thred!EGAV-5.10 and the Neighbor-Joining algorithm. The

splice site innovations, one ibd-A LabandPb. In ad- evolutionary d!staqceg were computed using the Maxi-

dition to Zen a potential splice site loss was identified MUm Composite Likelihood approach (see Methods for

in Scr. This may be an assembly error in the genome ofletails). Bootstrap values after 1000 samples are shown

Daphnia puleor a lineage specific gain in it since there 8long the edges of the tree.

is also no splice site iDrosophila melanogasterThe

coordinates of the potential exon-intron junctions in the

contigs ofE. verrucosusan be found in the electronic

B2

B1

B3
62L B4

supplement. E-value< 0.001). None of these hyper-abundant se-
guences thus could be identified as member of a previ-
Repeat Content ously described repeat family witENSOR-GIRI.

The most abundant repetitive sequences as determined TO estimate the approximate fraction of each repeat
from the most over-represented 24-mer sequences feffuster in the genome di. verrucosusthe sequencing
into just 5 classes denoted A to E, see Methods for dedata was mapped withegemehl to all repeat contigs
tails. A number of core repeat sequences and repeat cold the number of reads mapping to each cluster was
tigs was associated with each repeat cluster (see Supplealculated (see Table 2). Depending on the accuracy
mentary Table S3) and all core repeat sequences and ré0 or 95%) during mapping, the major clusters A and
peat contigs can be found in the electronic supplemenB obtain mappings of 10.58-13.90% and 17.03-18.43%
Group C accounted for low-complexity sequences an®f the sequencing reads, respectively. Moreover, at least
comprises a variety of tandem repeats and other very lo}-40-5.82% of the reads originate from low-complexity
entropy sequences. Five of these matched microsatelli§g€duences (cluster C) and 3.42-4.63% of the reads were
motifs also observed in other species. The results of thE1apped to the repeat contigs of cluster E. Overall, 36.83-
entropy calculation and tandem repeat search including5-40% of the reads were mapped to these most abundant
the repeated motif and tlepeatMasker score is listed © repeats clusters and hence represented the fraction of
in Supplementary Table S4. A phylogenetic tree of thethese repetitive elements in the genome&oferrucosus
core repeat sequences (excluding cluster C) is shown in In addition to the lower bound of the repeat content
Figure 5 (see Supplementary Figure S2 for the completealculated using the most abundant repeat classes, we
tree). The four groups appeared to be unrelated, with theonducted another repeat content analysis based on 30-
possible exception of group D and E.tAastn-based mers, described in the Methods section. The analysis
search against the NCBI and ENSEMBL genomes waslassified the 30-mers into repetitive and non-repetitive
conducted but, except for some weak similarities in EN-30-mers based on their frequency in the sequencing data.
SEMBL for A3 and cluster D (see Supplementary Ta-Here, any 30-mer occurring more than 6 times was un-
ble S5), did not result in any significant hits (%70, likely to occur uniquely in the genomic sequence and



cluster # reads mapping to clusters with

95% accuracy 90% accuracy

30.66M 10.58%  40.28M 13.90%
49.37M 17.03% 53.41M 18.43%
12.74M  4.40% 16.87M  5.82%
4.07M  1.40% 7.60M  2.62%
9.90M  3.42% 13.42M  4.63%

total 106.74M 36.83% 131.59M 45.409%

mooOw>»

Table 2. Frequency of reads in the survey sequer
data which can be mapped wiglegemehl and 90% o
95% accuracy to the repeat contigs of each cluster. E
on these statistics, 5 clusters of repetitive elements
prise between 36.83-45.40% of the genom& oferru-
cosus

hence denoted as repetitive. In consequence, the 1

content of the sequencing data and hence of the gen i ) )

sequence . verrucosusvere estimated to 73.2%. The Figure 6: Map of the mitochondrial genome &u-
estimate might still not represent an upper bound on thdmnegammarus verrucosughe 22 mt-tRNAs genes are
repeat content since sequencing errors could not be copighlighted in orange, both ribosomal RNAs in green,
rected prior to the analysis due to the ifisient cover- and the 13 protein-coding genes in blue. The control re-
age and thus may lead to an underestimation of the actud|on @nd intergenic spacers are shown in gray.

fraction of repetitive sequence.

Mitogenome match previous descriptions f@. dueben{Krebes and
The mitogenome was assembled using the “crystalBaStmp’ 2_012). The mitogenome coptainstwo intergenic
lization strategy” outlined in the Methods section. TheSPacers with alength 6i250 bp. One is located between
complete sequence can be found in the electronic sup¥AP2 and tRNA'P, and another between tRNA?and
plement and is available under the GenBank accessiofAD1- Similar large intergenic spacers have been de-

KF690638. The mitogenome is circular, as demonstrate§crioed also in crustacean mitogenomes, for example, a
by the presence of split reads connecting ther& with relatively large spacer (177 bp) was found between sr-

the 5-end of our assembly. It has a length of 15315 nt.RNA and tRNAPY? in the Upogebia majomtDNA (Lin
It contains the expected 13 protein-coding genes, 22 tret al, 2012).
NAs, and both ribosomal RNA subunits. The mitogenome appeared in the sequencing data with
A phylogenetic analysis based on Cytochrome Oxi-2 coverage of approximately 1000 X. As observed also
dase Subunit 1 (COI) and 16s rRNA mitochondrial genedor other mitogenomes, the coverage in the control re-
revealed the close relationshipBf verrucosuso Gam-  gion was higher due to its lower complexity and high
marus duebenivhen Compared to the other gammaridsAT—COﬂtent of 79.8% which is similar to other crustacean
for which the complete mitogenome is available. Thismitogenomes (Kit al, 2010). Tandem repeats within
is in agreement with the fact th& verrucosusandG.  the control region have been observed previously in the
duebenbelong to the same SuperfamiBammaroidea amphipodG. dueben{Krebes and Bastrop, 2012) and in
according to NCBI Taxonomy Browser (NCBI Resourcethe isopodLigia oceanica(Kilpert and Podsiadlowski,
Coordinators, 2013). Phylogenetic trees are shown i?006).
Supplementary Figure S3. Surprisingly, apart from the mitogenome B6f verru-
The gene order, Figure 6, is identical to that®@f cosuswe found a second, minor portion ofiirent con-
duebenivhich supports once more the close relationshigigs with a coverage of only 10-50X in our survey se-
of both species. The ribosomal RNAs are truncated anduencing data, which also showed some similarity to the
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mitogenome. Blasting these distinct contigs against theo far the only fully sequenced crustacean. Comprehen-
NCBI Nucleotide collection (nt) (Altschut al, 1990)  sive genomic resources are of utmostimportance for eco-
resulted in a perfect hit for a fragment of mitochondriatoxicological and ecophysiological studies in an evolu-
ribosomal RNA ofEulimnogammarus vittatyus related  tionary context. In order to estimate, for instance, the
species also endemic to Lake Baikal and occurring in &ffects of drastic environmental changes at Lake Baikal
similar habitat. As we found nearly a full sequence cov-on the endemic species due to global warming, it is cru-
erage for a second distinct mitogenome, we interpretedial to comprehensively investigate their stress response
these reads as a contamination. It was introduced possystems in comparison to that of their palaearctic rela-
bly as food (Gee, 2003) since tkeverrucosuspecimen tives.

was not starved before DNA preparation. From the ratio The large size of the genome together with the dom-
of the coverage of the mitogenome (1000 X Eorverru-  inating contribution of just a few families of repetitive
cosusand 10-50 X for the other), we obtained an upperelements, however, poses a series dficlilt method-
bound for the contamination by the congener species aflogical and technical problems. Not surprisingly, for
5%. Precautions were taken to avoid reads originatingnstance, the attempts d& novoassembly of the survey
from contaminations to be included in the seed-based misequencing data did not yield any useful results since the
croRNA and Hox gene contigs (see Methods section oimmense repeat content generated a long and very heavy
Hox genes). Care will be taken in future research to avoidail in the k-mer distribution that made the usual strate-
such impurities, since they are much harder to identifygies for data preprocessing inapplicable. Even after re-
by computational means than contamination with humamnoving the repetitive portion of the sequencing data, any
or bacterial DNA (Longoet al, 2011). We also as- assembly attempt did not succeed due to fragmentation
sessed the contamination due to microorganisms in thigy removing the highly abundant repeats in conjunction
sample, observing only a negligible fraction 0.1%)  with the low sequencing coverage. The next step, for
of reads clearly originating from microorganisms. Thewhich we are currently sequencing the genome to ap-
overwhelming majority of sequences that match low-proximately 40 X, thus, consists in the development of
complexity regions thus also cannot stem from contamiefficient means for removing repetitive sequences prior

nating microorganism. to contig assembly. The extreme repeat content also ren-
ders mate pair sequencing ffieient as the majority of
Attempts tale novoassembly the mate pairs will have at least one end in the repeti-

tive regions, making them less informative. In this case,

We tested two dferent popular genome assembly o .
: ) . . expressed mRNAs of additional transcriptome sequenc-
tools with diferent parameters and various strategies to

filter highly repetitive reads. We were unable to reachIng d"?“a may prpwde ang range $ieiding information
. outside repetitive regions) that can complement mate
N50 values exceeding 150 (compared to the read length . ) : ) X i
: air information. Although it appears infeasible to obtain
of 101) and the number of contigs longer than 1000bp . . :
; ) : a finished assembly for a genome of the size and repeat
remained very small. Details on representative assem- .
. . content ofE. verrucosusat least with the moderate re-
blies can be found in the Supplementary Table S2. Even

in the light of the low 3 X coverage of the data, the resultssources available to most institutions, it is of utmost im-

were not satisfactory and did not reach the quality of theoortance to gain insightinto such very large genomes that

seed and crystallization based approaches that were usi[)en?éz'gf L:o;mzrr;ysIcvﬁgtgsgitiig?;lpsé;zﬁ risrfgf:g:
to obtain the contigs of Hox genes, miRNAs, and the 9 P y 9 ’

. . . _which is still the norm due to technical and methodologi-
full mitochondrial genome. However, no fully automatic

pipeline of the cystalization approach was available yet
resulting in lot of manual work.

cal considerations, is likely to paint a quite distorted pic
ture of genome evolution. A hint that very large genomes
may exhibit organizational fferences comes, for exam-
ple, from the intriguing observation that the 13Gb
DISCUSSION genome of the grasshopp@hortippus parallelushows
DNA methylation levels otherwise seen only for verte-
Our survey of theE. verrucosugienome presents the brates (Lechnegt al, 2013).
first large-scale investigation in the genomics of a species The unassembled survey data presented here, never-
endemic to Lake Baikal. With a size of about 10 G,he theless, conveyed interesting information even at low
verrucosugyenome appears to be much more typical forcoverage. Beyond an estimate of the genome size and
crustaceans than the compact genomBayfhnia pulex  the analysis of the repeat content, it was possible to ac-
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complish the annotation of 33 microRNA genes, the in- thermotolerance in two congener endemic amphipod speEies (
Vestigation of the h|gh|y conserved part of 9 Hox genes limnogammarus cyanewandE. verrucosusfrom Lake Baikal. Mol

; : : ; : : Ecol 22:1416-30.
including conservation of intron-exon junctions by com- Belzile C, Rees DJ, Dufresne F, 2007. Amphipod genome sizes :

parison withDaphnia pulex and the assembly of the first estimates for Arctic species reveal genomic giants.ndge
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