PHYSER: An Algorithm to Detect Sequencing
Errors from Phylogenetic Information

Jorge Alvarez-Jarreta, Elvira Mayordomo and Eduardo Ruiz-Pesini

Abstract Sequencing errors can be difficult to detect due to the high rate of pro-
duction of new data, which makes manual curation unfeasible. To address these
shortcomings we have developed a phylogenetic inspired algorithm to assess the
quality of new sequences given a related phylogeny. Its performance and efficiency
have been evaluated with human mitochondrial DNA data.
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1 Introduction

Continuous advances in DNA sequencing technologies since the 1970’s have pro-
vided the scientific community with unparalleled amounts of biological informa-
tion at ever decreasing costs (for a technical review, see [7]). Furthermore, the size
of public sequence databases has continued the exponential growth of the last 30
years; e.g., the number of records in GenBank is currently doubling approximately
every 35 months [4]. In part due to this fast growth of public databases, most of
their contents cannot undergo independent curation: the metadata are neither stan-
dardized nor homogeneous. Hence, the individual quality of a sequence, measured
as its accuracy with respect to the original copy, is a priori unknown.
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We consider as sequencing errors the sites where the value differs from its coun-
terpart in the original sequence. Sequencing errors may occur due to contamination
—as for the reference sequence of human mitochondrial DNA, the rCRS [2]— but
also because of modern high-throughput sequencing techniques. These techniques
replicate very small segments of DNA and sort them together by local alignments, in
which shorter segments are more susceptible to yield false positives. The error rates
of current technologies, known in some cases [8], unknown in others, are far away
from negligible. In addition, contamination is not a measurable factor in isolation.
In this paper we consider the use of evolutionary information for the detection of
sequencing errors.

A phylogeny allows grouping each new sequence with its close relatives and
measuring similarity between these and their ancestors. Representative mutations
of each group are respected almost universally, and exceptions to this conservation
are almost certainly due to errors in the sequencing process. Although it is possible
to exceptionally discover new subgroups and unusual variations, the probability of
these facts will depend on the current state of the phylogeny.

In this paper, we motivate and present PHYSER: a phylogenetic inspired algo-
rithm to assess the quality of new sequences by their location in the reference tree.
The parameters of the algorithm are the new sequence (fasta format), the phylo-
genetic tree (newick format), the pairwise alignment of each sequence in the phy-
logeny with the reference sequence (fasta format) and the reference sequence (fasta
format), which must also be included in the phylogeny. As output, the algorithm
provides the classification of the input sequence (qualitative value), the total num-
ber of differences which are found between the closest node of the phylogeny and
the input sequence (distance) and the list of possibly erroneous sites. This design
follows the work methodology of the authors of MITOMAP [12]. As a byproduct
we can use our algorithm to update the phylogenetic tree with the accepted new
sequences, thus offering a good compromise between accuracy and an up-to-date
state of the phylogeny between its global updates. Although the algorithm can work
properly with any kind of data, we have chosen real human mitochondrial DNA
(hmtDNA) data to complete the study, mainly due to the fact that a large validated
phylogeny is available. Performance and efficiency of the algorithm have also been
tested with hmtDNA.

2 Background

There is, to our knowledge, no previous work on automatic sequence evaluation
using evolutionary information. There do exist some tools for the placement of se-
quences into a phylogeny, which in our case is just a byproduct of the main objective
of the algorithm.

One of this placement tools is pplacer [9], a software application designed
for phylogenetic placement of sequences. It uses some techniques like maximum-
likelihood (ML) and Bayesian Information Criterion (BIC) to select the closest node
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of the reference tree to the sequence. Unfortunately, it has been developed to work
with metagenomics, and the input data is difficult to create or handle due to its re-
quirements.

Another placement tool we have found is part of the software toolkit of the Ribo-
somal Database Project (also known as RDP) [10]. Its main drawback is that it only
works with ribosomal RNA sequences, so all the processes applied are of specific
purpose. Additionally, it is only available online.

3 Detecting sequencing errors

The algorithm is based on the fact that we are not able to determine whether a
mutation is real or not just looking at the sequence to which it belongs. As a solution,
the best option is to use a phylogenetic tree. A phylogenetic tree contains a lot
of information about how a specific sequence type has evolved over time, so it is
straightforward to verify the new sequence seeing where it should be added in the
phylogeny. Obviously, it is necessary that the tree selected is based on a well-known
and accepted model and with all its sequences checked, so no errors have been
introduced in the construction step.

As mentioned above, the main process of the algorithm is to locate the place in
the phylogeny where the input sequence fits better. Before explaining its behavior in
a more detailed way, we introduce two main operations needed during the process.

The first is the Hamming filter. This operation has as input two sequences of the
same length and provides as output their Hamming distance, that is, the total number
of sites where the two sequences do not share the same value (excluding gap and
‘unknown’ states).

The second one is the Reference filter. As input, we have to provide two se-
quences: the algorithm’s input sequence and a sequence from the tree. First, the
operation gets a list of the sites where the reference sequence (parameter of the al-
gorithm) differs from the tree sequence. Due to the fact that most of the gaps of the
reference sequence are introduced in order to align it to the rest of the sequences
of the tree, these gap sites are not taken into account. Afterwards, it compares the
values of the tree sequence and the input sequence only at the sites included in the
previous list. The output of the operation will be the total number of differences
obtained in this last comparison.

The algorithm will find the closest node to the input sequence. To do this, it takes
one node, which we will call parent, and all the nodes that are one level below,
its children. It applies the Reference filter setting as input all the pairs formed by
the input sequence and each one of the sequences selected. Normally, one of the
children nodes will be the closest one of all the pairs handled, so this node will
be selected as the new parent, and the process will be repeated until the algorithm
obtains a leaf as the closest node. The first node selected as parent will be the root
of the phylogenetic tree.
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There are some other situations that may happen instead of the common one pre-
sented. We can get two or more nodes as the closest ones. If they are all children
nodes, the algorithm will explore each new path independently, applying the main
process individually. The tests shown in the next section demonstrate that this mul-
tipath situation will not last longer than two or three iterations. If one of the nodes
is the parent node, it will be discarded inasmuch as we prefer to get closer to the
leaves. The last situation is featured when the parent is the only closest node. The
tests have revealed some situations that we denominate local minima, where the par-
ent results as the closest node, but it is just a local situation: there are other nodes,
closer to the leaves of the tree, that are closer to the input sequence than the parent.
To pass through these local minima, the algorithm applies the Hamming filter to the
same pairs handled in the previous filter. The new results are processed as before,
except if we obtain again just the parent as the closest node. In this case, we have
reached a global minimum, so this is the closest node to the input sequence of the
whole tree.

The algorithm finally applies the Reference filter to the selected node in order
to obtain the total number of differences with the input sequence. Two thresholds
will determine if the sequence is Right, if it has some possible errors (Alarm), or
if it is most probably Wrong. It is important to know that these thresholds will not
work properly if the input sequence corresponds to any unexplored species within
the phylogeny, or similar cases, which are depicted also as ‘holes’.

Intuitively, due to the multipath situations, the algorithm may show more than
one node as solution. Looking at the tree we have seen that all these solutions are
usually close relatives, that is, nodes with the same parent node or nephew nodes.

4 Tests and Results

We have presented an algorithm that can work with any kind of data. As mentioned
previously, we have chosen hmtDNA information for the present tests performed.
This data have real good properties: easy to sequence, non-recombinant (very useful
for phylogenetic reconstruction) and highly informative (see, e.g., [3]). Moreover,
most areas of the human mitochondrial phylogeny are well represented and the char-
acteristic mutations, by which large groups of individuals are related, are organized
in extensive hierarchies of mitochondrial haplogroups [13]. In fact, our algorithm
draws inspiration from the expert procedures applied to the incremental construc-
tion of the MITOMAP phylogeny [12].

For our experiments we have used the last phylogenetic tree created by ZARAMIT
project [5], which is composed by 7390 hmtDNA sequences obtained from Gen-
Bank. The construction of this phylogeny requires more than one year of sequential
CPU time. Therefore, due to the mentioned increase of public databases, the num-
ber of additions between feasible reconstructions can be extremely significant. As
the reference sequence, we have used the revised Cambridge Reference Sequence
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(rCRS). The Reference filter thresholds have been set to 0 for the Right - Alarm
discrimination, and 3 for the Alarm - Wrong distinction.

4.1 Behavior study

In order to study the behavior of the algorithm, we have divided the experiments
into three groups, each focusing on obtaining specific results within all the possible
cases.

1. Correct location of the leaves: The first experiment aims to determine the ac-

curacy of the algorithm. We have selected the 62 sequences in [1] (AY738940 to
AY739001) and the 23 sequences in [11] (DQ246811 to DQ246833) for this test.
All of them are part of the set of leaves of the phylogenetic tree.
As result, the algorithm has classified all as Right, which implies a success rate of
100%. However, only 53 have been located correctly, i.e. a 60.95% of accuracy.
In most of the cases where the algorithm has not been able to locate the sequence
correctly, the closest nodes are close relatives of the corresponding leaf. There are
just two sequences, DQ246830 and DQ246833, where the distance field has re-
vealed an anomaly. In the rest of the sequences this field has reached a maximum
of 23, and 9 on average, while in these two sequences, the algorithm has obtained
a distance of 273. If we look at them at GenBank, we will find that their length
is 16320, that is, 249 nucleotides shorter than the reference sequence. Therefore,
obtaining those distances, as well as the inability of the algorithm to locate the
sequences, are normal consequences.

2. Non-human mtDNA: In these experiments we have used sequences from dif-
ferent animals, in order to see how the algorithm handles information that does
not fit in a hmtDNA phylogenetic tree. The specific animals and sequences ac-
cessions are shown in Table 1.

The alignment of each of these sequences have been made using MUSCLE [6],
a tool for alignment and multialignment processes. First, we have aligned the
input sequence with the reference sequence. Afterwards, we have deleted in both
sequences all those sites that correspond to new gaps in the reference sequence.
The values of those sites in the input sequence are considered as phylogenetic
non-relevant information, thus this step does not generate any degradation.

Notice that the main purpose of this algorithm is to detect sequencing errors.
Therefore, the fact that human phylogeny helps in classification of non-human
mtDNA as Right is not a drawback of our algorithm but more a consequence of
the closeness of those species to hmtDNA. Therefore, the most important result
drawn from these experiments is the Distance field. This field is always provided
with the classification due to its relevance in a good interpretation of the output of
the algorithm. Amongst all the animals, the closeness of chimpanzee to hmtDNA
does not seem surprising. Besides, it is possible to see the relationship with the
different classes and clades as far as we go deeper in the evolution process. In
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most cases, the distance implies that more than 30% of the nucleotides are wrong,
which is another sign that the sequence does not fit in the tree. If this happens,
it should be checked whether the sequence belongs to a Homo sapiens. Remark
that the distance among 2 hmtDNA is around 40 nucleotides (0.24%).

3. Synthetic mutations: In this case we want to prove that the algorithm can re-
ally detect every single relevant mutation. We have taken the sequence AY738958
as base sequence in which we are going to “mutate” some sites and show how
the results of the algorithm change. These mutations are shown in the first three
columns of Table 2.

As a usual format in biology, the mutations are represented as follows: first the
previous value, after that the site and finally the new value assigned to that site.
Table 2 contains also the results for each synthetic sequence created, showing
again the results for the sequence AY738958 so we can see how the mutations
change them.

The first three new sequences demonstrate how a single mutation, in the right
site, can change a Right classification to an Alarm result. The last two show how,
obviously, one mutation can also change the closest nodes. Usually, as in this
case, the result will change from one node to one of its close relatives, so it will
not be very relevant. But if three or four mutations or mistakes occur along the
sequence in the right sites, we can obtain a closest node really far from the real
location of the sequence in the phylogenetic tree.

Table 1 Sequences of different animals and their classification by the algorithm.

Accession Animal || Classification | Distance |
NC_001643 Chimpanzee RIGHT 1966
NC_001941 Sheep RIGHT 4719
NC_005313 Bullet tuna RIGHT 5775
NC_009684 Mallard duck RIGHT 5818
NC_007402 Sunbeam snake RIGHT 6322
NC_002805 | Dark-spotted frog RIGHT 6191
NC_008159 | Mushroom coral RIGHT 8242
NC_009885 Nematode RIGHT 9074
NC_006281 Blue crab RIGHT 9251
NC-006160 Whitefly RIGHT 9302
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Table 2 Synthetic sequences created from AY738958 and their classification by the algorithm.

Accession Mutation || Classification Closest nodes | Distance |
AY738958 base sequence RIGHT Anc3564, Anc4104 7
SEQO00001 -3106A RIGHT Anc4104 6
SEQ00002 -3106A, G8859A ALARM(1) Anc4104 7
SEQO00003 | -3106A, G8859A, G15325A || ALARM(2) Anc4104 8
SEQ00004 T6775C RIGHT Anc4076, Anc4104 7
SEQ00005 T6775C, G1437A RIGHT EU130575 13

4.2 Performance study

All the experiments have been executed in a computer with a Core 2 Duo E6750
processor and 8 GB of RAM. The load of the phylogenetic tree and the informa-
tion needed by the application takes at most 30 seconds. All these data just have to
be loaded the first time, when the application starts. The program takes 12 seconds
on average to locate the input sequence. Hence, the program has an excellent per-
formance and the user can obtain the results in “real time”, providing an accurate
feedback showing the sites that have been checked as bad (if any) with the closest
nodes. The worst case of the performed experiments has been taking as input the
leaf DQ246827, where the program took 16.7 seconds to locate it.

5 Conclusions

We have presented PHYSER: a new algorithm to assess the errors made at sequenc-
ing processes, providing as output the level of correctness of the sequence given
a phylogeny. Nowadays, this checking of the sequences is made by hand, which
implies a large investment of time, regardless the possible human mistakes. Our so-
lution provides a detector of possible errors made at sequencing processes, with an
accurate performance, that also gives as result the closest nodes of the phylogeny
to the new sequence. If the sequence is good enough, the algorithm automatically
includes it into the phylogenetic tree, so the information is always updated.

For future improvements we will aim to develop a new checking of the mutations
detected as possible errors, adding a new level of biological viability. This checking
will consist of taking into account the reversions, so if one mutation has appeared
before in the path we have explored in the phylogeny that implies it is not a bad
mutation. Moreover, the conservation rate among the different species will provide
an extra criterion to the biological viability of the mutation.

Finally, the current implementation of PHYSER is available by request to the
first author.
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