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ABSTRACT

The task of reconstructing a piece of sequence in a particular
species is gaining more and more importance in the light
of the rapid development of high-throughput sequencing
technologies and their limitations. Applications include not
only compensation for missing data in unsequenced genomic
regions but also the preparation of customized queries for
homology-based searches. Here, we introduce the maxAlike
web server. It takes a multiple sequence alignment and
a phylogenetic tree that also contains a target species
as input. For the target species, it computes nucleotide
probabilities as well as the most likely sequence, which can
be used for primer design or homology search. Furthermore,
position specific scoring matrices (PSSMs) of regions of
high confidence are available for download. We show that as
much as 99% of a sequence can be reconstructed correctly
using the maxAlike algorithm, when the sequence of a
closely related species is available, compared to only 89%
reconstructed positions using only the consensus sequence
from the input alignment. For more distant species, the
reconstruction rate of maxAlike drops to a plateau value
of about 60-70% for the maxAlike approach, compared to
50-60% for the consensus sequence. The web server is freely
accessible at: http://rth.ku.dk/resources/maxAlike.

INTRODUCTION
With increased opportunities for high-throughput seqiremc

to specific analyses. On the other hand, the relative pasifio

the target species in the evolutionary tree of species isdilp
known or can be inferred from the sequence information that
is already available. With the rapidly growing collectiofi o
sequence information from diverse organism it also becomes
increasingly important and useful to utilize not only comses
sequences but also the information contained in the pattérn
variation. We present a web server — maxAlike — that aims at
reconstructing sequences in a particular target speces a
phylogenetic tree and sequences from other species (1).

The maxAlike algorithm uses a multiple sequence
alignment and a corresponding phylogenetic tree annotated
with phylogenetic distances to estimate substitutionsréme
each column. The same tree augmented by the target species
is then employed to infer the nucleotide probabilities foe t
homologous sequence in the target species. The technical
details of applying this approach to homology search are
discussed in (1). Clearly, the homology search approach
can be extended to annotate partial sequences. Sequence
reconstruction may be of particular interest for the tazdet
(re-)sequencing of a particular region that is not or not
completely represented e.g. in a genome assembly. The web
server therefore links the reconstructed sequence directl
to the Pri mer 3 web server (2) for designing appropriate
primers for the target species.

Related work includes in particular thpri mer s4-
cl ades server (3), which derives a phylogenetic tree from
a multiple sequence alignment as input. From this, the user
can, through manual intervention though, restrict the inpu
sequences to a phylogenetic group which is considered for
the primer design. We have decided against estimating the

many more organisms will be sequenced in near future. Dugree from the input alignment because the usually relativel

to inherent limitations in these technologies, it is al$s@ly  short regions of interest in the alignments often yield poor

that routinely produced genomic sequences will be incotaple phylogenetic estimates. Thai pri me2 server (4) employs

at various levels, but it is still essential to infer as mUCha pipe”ne of pub“c]y available h0m0|ogy search, mu|tip|e

knowledge as possible about these missing regions ingelati alignment and primer design software to derive primers from
conserved parts of a given gene. However, no phylogenetic
information is taken into account.
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SEQU ENCE RECONSTRUCTION maxAlike - web server

Submit Results Help Example

The maxAlike algorithm (1) aims at reconstructing a seqeenc
homolog in a given target species by employing a maximum Results

likelihood computation over a phylogenetic tree, whiclates The Job with the ID 205088:2333047107 is finished.

the target species to species with already known homologs mput

This approach is in spirit similar to the reconstruction of . .igument e (a)
ancestral sequences from their extant offsprings, se€®.g. - fme ot sarger op

for a review. The input for the computation is a multiple .

Sequence allgnmerM a'nd a phylogenetlc treé-‘, WhICh Residue probabilities in target species for each alignment column: (Download this file)
represents the phylogenetic relationships and distamees@

the species. Additionally, one of the species in the tree is
chosen as the target species for the reconstruction. In ¢
first step,T" is restricted to the sequences contained in the
alignment, and a relative substitution rate is estimated
for each alignment column, by performing a maximum
likelihood computation ovef’, which follows Felsenstein’s . uence iogo

pruning algorithm (6). The HKY85 (7) substitution model iS  nucieotiae probabilities as ssquence ogo:

e of target species: canFam?2

pair=-1 max_nu=0 Ie=2 A0

=0 =2 A0
=4,49561 IC=0,191463
25954 IC-1,36502
05962 IC-1,58541
0014 Ic=1.15784
4938 IC=0.693955
10734 IC=0.862124
.8815  IC=0,926729
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used for computing the nucleotide transition probabditie 2

a second step, we re-rodtto the target species and use the %1}

estimatedi; to compute the likelihood of the tree again. From e - ngg%%_T o e ??%‘?I;\Al;\ = 2

the likelihoods of each state at the rooflgfwe directly obtain 2

the nucleotide probabilities in each alignment column "%CCT . A A AC CC
The calculated probabilities depend explicitly on the R AR R R E NN R R

relative position of the target species to the other spenies 2 (©

T. If the target is in close proximity to one or several other %1}CTC CA AA A

species with known homologs, then high probabilities will “eT 923922853828 850823886088

be assigned to the nucleotides present in these neighborin |

species. With increasing distance to its closest neiglther, ?,&AA CCCACT CC A

residue probabilities in the target species will converge t e s F s 3B EEBeRRARRERERRR

an equilibrium distribution, which depends on the paramsete
of the substitution model. This equilibrium is reacheddast = consensus sequences
the hlghel’ the Substltutlon rat& |S The algorlthm thUS Predicted consensus sequence, with a probability cutoff 0.5 at each site:
i IS,
tells us which alignment columns Or regioNs Can be EXPECIEC o B e e e oo TeccACTGGNCCG
to be informative for a particular target sequence. To this sumropimes d)
end, we also compute the Shannon information content @ Predicted consensus sequence, without cutoft:
eaCh Slte’ from WhICh In turn’ We Can derlve SUbsequences ;gzggsﬂi Fcenonan Cogls'igsus sequen;zGCCCTCAGGGGCAGBAGGGGF;BTAAGGGTCCCACTGGTCCGGB

exceeding a user-defined minimum length that have an averag suw: e
information content above a certain threshold. Conserved Elements

Subsequences having a window length of 10nt with average information content above 1.5:

N ® ® O = o ® = o
AN AN e ™ e o @ oM

2

2
2
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WEB SERVER Download PSSM of this region (e)
[nput ;}

, . . . ":, CCCICA
Two files are required as input to the web server. First, 58835933588

Download PSSM of this region

the user must supply a multiple sequence alignment of
homologous DNA or RNA sequences. The second input file
is a phylogenetic tree in Newick format, Wh_ere the SPECIESEigyre 1. Screen-shot of the maxAlike web server's result pa@ginput
names must match the sequence names in the alignmegta(b) Text output of nucleotide probabilities for each si6p Probabilities
file. Branch lengths are required. Since only relative v&lue converted to sequence logo for entire sequeftjeConsensus sequences,
are required, these can be taken from a broad variety ofvith and without probability cutoff(e) Sequence windows with average
sources. The tree may contain fewer or more species thadﬁ}formatlon content and length above a user-defined thiésho

the sequence alignment. Only taxa contained in the tree will

be considered in the computation. Example trees for diffiere

groups of organisms are provided on the help page of the

web server. At last, the user has to specify one of the specieQutput

names from the phylogenetic tree — the target species forhe results of each submission are displayed on a HTML
sequence reconstruction. Additionally users can entéréhe  page (see figure 1), which is accessible up to 30 days
mail address to receive a notification inClUding a link to the after Comp|etion of the Computation_ The main Output is a
results, once the job has finished running. text file which contains one line for each column of the
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alignment. An entry contains the probabilities of occuoen containing gaps were not included in the computation ansl thu
for each nucleotide in the target species. Additionally theremoved from the alignments.
Shannon information content and the estimated mutation From each alignment, we removed one species at a
rate ;1 are included. Columns in the input alignments time and used the remaining sequences to reconstruct the
that contain gaps will not be predicted and get zerohomolog in the removed species (target species) with the
probability for each nucleotide. The nucleotide probdéiei ~ maxAlike algorithm using the phylogenetic trees from the
are converted to a sequence logo, using the informatiomultiz and ENCODE phastCons models respectively (see
content of each alignment column. This logo gives asupplementary materials). The transition bias parameter
visual representation of the expected sequence in thettargéhe HKY85 substitution model is estimated usipPgVL (12).
species, and highlights sites with high predicted nualleoti The predicted nucleotide probabilities were converted int
probabilities. Additionally, two “consensus” sequences a position specific scoring matrices (PSSM) for each predicte
constructed from the nucleotide probabilities: one segeen sequence. In addition, consensus sequences were created
taking the most probable base at each site into account, anidy considering the most probable nucleotide at each site
another sequence which only considers nucleotides havingvith a probability greater than a threshold of 0.5 and by
probabilities above a user defined threshold. Possibleayaghs considering the most probable nucleotide without using a
sites with probabilities below the threshold are shown &5 “N threshold. We also created PSSMs by counting the nucleotide
The consensus sequences can then be used for submissifrequencies in each input alignment and derived consensus
to primer design software, or directly submitted to the Rfign  sequences, again using either a relative frequency thickesho
web server (2). The last part of the output contains aof 0.5 or no threshold, respectively. In order to evaluate
list of non-overlapping subsequences of a minimum lengththe effect of including phylogenetic information into the
yielding an average information content greater than a-userPSSM and consensus sequence construction, we compared
defined threshold. Position specific scoring matrices fes¢h  the predictions from the maxAlike probabilitie®![ ) and the
subsequences are also available for download. These PSSNsicleotide frequenciesteq).
can directly be used with homology search programs, e.g. For the comparison of théL and Freq PSSMs, we
fragrep2 (8). computed the MATCH scores (13) for both tM. andFreq
PSSMs using the previously removed sequence as reference.
The MATCH algorithm is designed for matching short matrix
profiles (originally for transcription factor binding sie
The web server runs Apache (www.apache.org) andRiSBs  to a primary sequence, thus we restrict the tested PSSMs
programs (www.php.net) to submit jobs to a queueing systemo windows of size 30nt and randomly draw 10 windows
that distributes jobs on a compute cluster. The maxAlikefrom each alignment to achieve a minimum coverage of the
algorithm is implemented in C++, making use of teieo++  predicted sequences. The MATCH score takes values between
libraries (9). Sequence logos are created withviebl ogo (0.0 and1.0, with 1.0 denoting a perfect match of the matrix to
package (10). the sequence.
Table 1 compares the median match scores for all species
of the Mz44-2 data set. For almost all species, we see
PERFORMANCE EVALUATION a significant improvement of the score when using the

We tested the prediction performance on several vertebrat&/L PSSMs compared to théreq PSSMs. In particular,
full-genome multiple alignments. The first data skt744) predictions for target species with a close neighbor in the
is derived from the human genome (hg18) alignments to 43ree gain most from the inclusion of phylogenetic inforroati
vertebrate species (multiz44wayJ he second data seE/C) to reconstruction algorithm. All bony fishes (teleosteipwh
is derived from the December 2007 ENCODE (11) Multi- improved scores, since the sequences from the tetrapoda
Species Sequence Analysis sequence freeze, which contaifi@ve much less impact on prediction of the homologs. In
sequences orthologous to the human ENCODE regions fronffeégquency matrices the large fraction of mammals among the
36 vertebrate specigs sequences genomes causes a substantial bias. Convénsely, t
Both data sets were divided into two parts each: the firstmpact of bony fish sequences on mammalian targets is highly
part contains alignments with higher sequence conservatioOverestimated ifreqPSSMs compared to tHéL. PSSMs.
(MZ44-1: multiz score from 1M to 4M and at least 20  The full-length consensus sequences from each alignment
species per alignment with minimum length 200nt, numberWere evaluated in terms of the percentage of correctly
of alignments, =254, ENC-1: multiz score from 1M to 3M  Predicted nucleotides at each position compared to the
and at least 15 species per alignment with minimum lengthPreviously removed homolog in the target species. We
300nt,n = 114), whereas the second part contains alignmentsexcluded absolutely conserved sites from the evaluatioces
with lower sequence conservation only from chromosome 1b0th methods perform identically on this subset. Only speeci
(MZ44-2: multiz score from 10k to 1M and at least 20 species With at least 10 predicted sequences were evaluated tm retai
per alignmentp =886, ENC-2 multiz score from 10k to 1M @ sufficient sample size. Table 2 shows the recovery rates in

and at least 10 species per alignment; 1276). Columns  Percent of both theVIL and theFreq consensus sequences
for thresholdd.5 and no threshold, resp., in théZ44-2 data

set. We observe similar effects as for the PSSM comparison.
In general the amount of correctly predicted positions is
thttp://hgdownload.cse.ucsc.edu/goldenPath/hg18imdivay/ higher in theML consensus sequences compared to-ileg
2http://hgdownload.cse.ucsc.edu/goldenPath/hg 18¢eiS A/DEC-2007/ consensus sequences. When requiring a probability of st lea

Implementation
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Table 1. Dataset MZ44-2: Median MATCH scores of the maxAlike PSSMs
(ML) and the frequency PSSMg-reg for 10 randomly selected 30nt
windows from each alignment. The last colurdn shows the difference
between both medians. Only species with more than 100 peedRSSMs
were included. The Dist. column shows the distance to théogleyetically
nearest neighbor in the tree.

is explained by the higher overall sequence conservation in
the alignments, which decreases the impact of phylogenetic
tree information in the predictions.

Figure 2 shows the correlation between the overall recovery
rate in data seM.Z44-2 in each target species and its distance

to its phylogenetically closest neighbor. Species in thgeup
left corner are primates, both points in the bottom rightieor

Species Dist. ML  Freq A are frog and zebrafish.

hgl8 0.013 1.000 0.957 0.043

panTro2 0.013 1.000 0.957 0.043

gorGorl  0.018 1.000 0.958 0.042 S,

ponAbe2 0.037 0.997 0.954 0.043 °

rheMac2 0.069 0.967 0.946 0.021 °

calJacl 0.120 0.934 0.925 0.010 8 #n" °

mm9 0.174 0.895 0.760 0.135 4 oo

ma 0174 0895 0762 0.134 - g o

bosTau4 ~ 0.186 0.901 0.870  0.030 81 &

turTrul 0.186 0.935 0.908 0.026 £ -

vicPacl 0.195 0.898 0.880 0.018 g T Lo o

canFam?2 0.199 0.890 0.869 0.021 5 R e °

felCat3 0.199 0.903 0.876 0.027 § + o R

choHof1 0.211 0.890 0.867 0.023 ° 0 ° o

dasNov2 ~ 0.211 0.872 0.847 0.025 8 7 + . °

micMurl 0.220 0.901 0.899 0.002 N

otoGarl 0.220 0.871 0.864 0.006 +

loxAfr2 ~ 0.236 0.900 0.867 0.034 87 + o + .

proCapl 0.236 0.867 0.822 0.045 ‘ T T T

tarSyrl 0.246 0.875 0.884 -0.008 0.0 05 10 15

equcabz 0.247 0.908 0.905 0.003 Distance to nearest neighbor

myoLucl 0.253 0.881 0.866 0.015

pteVaml 0.253 0.885 0.877 0.008

ochPri2 0314 0811 0.769 0.042 Figure 2. Recovery rate in percent for each species compared to tendes
oryCunl 0.314 0.850 0.822 0.028 to the phylogenetically closest neighbor. Points denotea bircle areML
tupBell 0.321 0.840 0.847 -0.008 consensus sequences, points denoted by a plUSegeonsensus sequences.
speTril 0.330 0.833 0.830 0.002 The recovery rate only takes sequence positions with a atinheprobability
galGal3  0.337 0.840 0.758 0.083 0.5 into account.

echTell 0.350 0.829 0.794 0.035

cavPor3 0.380 0.795 0.781 0.014

dipOrdl  0.389 0.794 0.777 0.017 DISCUSSION

eriEurl 0.407 0.799 0.787  0.012 The maxAlike web server estimates the nucleotide
fr2 0.430 0.780 0.688 0.091 probabilities at each sequence position and estimates a
tetNig1l 0.430 0.745 0.696 0.048 reconstructed consensus sequence using a combination
sorAral 0.453 0.795 0.774 0.021 of homology information from a multiple sequence
monDom4  0.714 0.710 0.680 0.030 alignment and a phylogenetic tree. We have demonstrated
gasAcul 0.770 0.761 0.674 0.087 that phylogenetic information significantly improves the
oryLat2 0.792 0.835 0.699 0.136 prediction performance by about 10% in all target species
ornAnal  0.852 0.727 0.686 0.041 compared to standard models based on consensus sequences
anoCarl 0.876 0.791 0.686 0.105 and position frequency matrices. The prediction results
petMarl 1.023 0.732 0.649 0.082 improve when the target species is surrounded by an
danRer5 1.426 0.767 0.648 0.119 increasing number of closely related species with known
xenTro2 1493 0.817 0.732 0.085 homologs. The reconstruction rate can reach as much as 99%

0.5 for a valid prediction, the prediction quality becomes
better on average. Results for thdZ44-1 and the two

accuracy.
In the typical scenario, a phylogenetic tree which contains
the target species needs to be available first. Ideally this
tree is constructed by all the already available sequentze da
from the target species, combined with the homologs of these
sequences in other closely related model organisms. The mor

ENC data sets are similar, see supplementary materials fosequence data is included in the tree construction, the more
additional tables. In th&1244-2 data set the difference in the accurate the relative position of the target species wiitsin

prediction performance is smaller compared44-1. This
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phylogenetic neighborhood can be determined. An automatio
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of this process might be an further enhancemer?t of web servefapie 2. pata st Mza4-2: Recovery rate in percent for consensus
On the other hand, more and more phylogenetic trees becomgquences derived from maxAlike probabilitiedl() and nucleotide
available in public databases, e.g. (14). Other extensiogist  frequencies Ereg), with a nucleotide probability/relative frequency abave
include a calculation of the sequence logos with respect to &.5 threshold at each site and without a threshold, i.e. consessquences
non-uniform background distribution, as outlined e.g. loat contain nucleotides with highest probability/frequengyeach site. A value
Mat ri xPl ot web server (15). of e.g. 70 means that 70% of the nucleotides in the consersysesce
were predicted correctly. The Dist. column shows the digato the
phylogenetically nearest neighbor in the tree. Only spgeeith at least
SUPPLEMENTARY MATERIALS 10 reconstructed sequences were considered. The last tatows the

. . . total number of reconstructed nucleotides for each speeiaduding fully
The supplementary materials contain both phylogenetéstre conserved columns. See supplementary material, for theepige of
and the results of the performance evaluation of all dat set nucleotides above the 0.5 threshold for both methods.
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