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Abstract

Motivation

Sequence analyses oriented to investigate specific features, patterns and functions of protein and
DNA/RNA sequences usually require tools based on graphic interfaces whose main characteristic is their
intuitiveness and interactivity with the user’s expertise, especially when curation or primer design tasks are
required. However, interface-based tools usually pose certain computational limitations when managing
large sequences or complex datasets, such as genome and transcriptome assemblies.

Results

SeqEditor is a standalone desktop application for the analysis of nucleotide and protein sequences, which
can either work as a file manager or as a graphical sequence browser. SeqEditor accepts the input of one or
multiple fasta files and performs all typical tasks for sequence analysis. Its sequence browser is optimized
for very long sequences, such as scaffolds and chromosomes. SeqEditor implements a GTF/GFF viewer
that allows the user to mine reference genomes and transcriptome data to extract contents and features
annotated in GTF/GFF files. Besides, SeqEditor includes a set of tools for the search and design of PCR
primers, including singleplex, multiplex and target-specific primers, powered by a newly optimized search
strategy based on two algorithms for constructing multiplex indexes and search of target-specific primers.
This search strategy is experimentally validated here using a clinically-relevant case study aiming at the
detection of five opportunistic fungal pathogens.

Availability

SeqEditor is publicly available at hitps:/gpro.biotechvana.com/download. The SeqEditor’ user manual is

available at https://gpro.biotechvana.com/tool/seqeditor/manual.
Contact

carlos.llorens@pbiotechvana.com

Supplementary Information

Supplementary data are available at Bioinformatics online.
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Introduction

Analysis of DNA, RNA and proteins at the sequence level is central for the understanding of their specific
features, functions and evolutionary patterns. Most of the currently available software for sequence analysis
relies on Command Line Interface (CLI) tools, such as BuddySuite (Bond et al. 2017) and FAST (Lawrence
et al. 2015) among others. CLI tools are very efficient for the performance of a wide variety of tasks as they
do not have graphical requirements for sequence representation and visualization, however CLI tools
require the user to have basic computer literacy, which limits their use to bioinformaticians that are
familiarized with command lines. Moreover, CLI tools do not allow direct graphical visualization of the
analyzed sequences, which could be useful when investigating specific sequence regions and patterns, since
they may escape detection via automated algorithms and are frequently identified by human expert
abstraction. It is because of this, among other reasons, that biological researchers usually seek more
interactive and responsive tools based on Graphical User Interfaces (GUI), such as GeneRunner

(http://www.generunner.net), Geneious (https://www.geneious.com) and Sequencher

(https://www.genecodes.com). Unlike CLI tools, GUIs only require basic informatics skills, making them

easier to learn and manage than CLI tools. However, GUI tools pose certain limitations when managing
large and multiple sequences, making CLI tools more efficient for the management of complex datasets as
well as for the assembly of genomes and transcriptomes. With this in mind we have developed SeqEditor,
a cross-platform desktop tool for the analysis of nucleotide and protein sequences. SeqEditor is an
application of the GPRO suite (Futami et al. 2011) that integrates an updated version of TIME editor, a
former sequence browser of that suite for sequence-to-sequence analysis (Miinoz-Pomer et al. 2011), as
well as a wide variety of new implementations. Here, we introduce SeqEditor providing a general overview
of all its tools for sequence analysis making particular emphasis in describing the most relevant
implementations.

General overview and functions
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SeqEditor is a standalone desktop application for the analysis of DNA, RNA and protein sequences. The
application has been developed in Java using Eclipse Rich Client Platform (Kornstadt and Reiswich 2010).
SeqEditor can either work as a file manager or as a graphical sequence browser to perform all the typical
sequence analysis tasks, including searching and filtering of sequences, Open Reading Frames (ORFs) and
motifs; translation of nucleotide to protein sequences using either the universal genetic code or a user-
defined one; changing sequence geometry and orientation; computing metrics for sequence datasets, and
more. Figure 1 shows the layout of SeqEditor, which is composed of four main elements, namely a directory
browser, top menu, sequence browser, and browser menu. Additional interfaces are used to either run the
analyses or display summaries of both data management workflows and visualization of results. These
include different interfaces for each browser’s task and summary view interfaces, e.g. ORF finder summary
screen view. The top menu provides access to both the sequence browser and other interfaces through which
file manager tasks can be executed. This allows the user to process and analyze all the sequences included
in one or multiple fasta files at the time without the need of opening the files, thus working with similar
efficiency to that of CLI tools. The sequence browser is an improved version of the former TIME editor, a
graphic screen allowing the users to navigate, edit and analyze the sequences under visual control. The
browser can be called from the top menu or by right-clicking on an input sequence file in the directory
browser (users can set any folder in their PCs as directory browser). The browser menu organizes the
different functions of the sequence browser, allowing the user to edit sequences, search ORFs and motifs,
translate nucleotide sequences to proteins, change the geometry and orientation of the sequences, design
single- and multiplex PCR primers, and mine sequence features using annotations of GTF/GFF files, that
will be described with more detail in the next sections of this article. The browser screen is interactive,
allowing users to select, copy, cut and paste sequence traits by right-clicking on the sequence. The graphic
capacity of the sequence browser relies on the RAM power of the user's hardware, yet it has been optimized
to allow the management of large sequences, such as contigs, scaffolds and chromosomes. For example, in
PCs with at least 25 Gigabytes of RAM assigned to SeqEditor, the browser can manage sequences of up to

300 megabases. Only one sequence is allowed per browser screen. However, when opening a fasta file with
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multiple sequences, a file summary view is opened at the bottom of the browser to summarize the sequences
included in the file. Additional sequences can then be selected and analyzed in other screens of the browser.
Lastly, the fasta file summary screen view presents a submenu that includes other tools for the edition of
the sequences, such as sequence name editing directly within the fasta file or sequence sorting by name or

size.

SinglePlexPCR, MultiPlexPCR and PrimerPooler: Set of tools for PCR primer design

We previously indicated in the Section above “General overview and Functions” that SeqEditor implements
a set of three tools (designated as SinglePlexPCR, MultiPlexPCR and PrimerPooler) for PCR primer design
based on an interface adaptation of two CLI tools - Primer3 (Untergasser et al, 2012) and PrimerPooler
(Brown et al, 2017) - and a newly optimized search process for multiplex and target-specific primer design.
These three tools are organized in separate interactive interfaces accessible through the tab Primers of the
browser menu.

o SinglePlexPCR permits the user to search for primers in batch mode for one or more sequences.
This is achieved through the use of an optimized search based on the general Primer3 search
algorithm search in order to find favorable candidates during the early stage of the search. The
search starts by populating a list of forward and reverse primer candidates. The tool then eliminates
any primer that does not comply with the initial design parameters screening, such as primer length,
CG content and melting temperature (Tm), among others. Next, SinglePlexPCR selects candidate
primer pairs by producing virtual PCR products that satisfy the input design parameters.
Subsequently, more complex computational evaluations are performed, such as the detection of
potential formation of primer-dimer and hairpin structures. Lastly, SinglePlexPCR stores and sorts
all suitable primer pairs based on a penalty score and finishes the search as soon as it finds a
predefined number of accepted PCR primer pairs. This algorithm is applied to single targets and
guarantees the finding of suitable pairs of primers if they exist, and the exhaustion of the search in

which all possible primer combinations are explored. In this case, users are allowed to continue
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interactively with the primer search in order to find more results without the need to restart the
search from the beginning.

MultiPlexPCR executes an efficient greedy strategy to search and find primers utilizing complex
indexes and an optimized search process. Since finding multiplex primers is a complex
computational problem in which a brute force search consumes excessive computational resources,
the search strategy of MultiPlexPCR for multiplex search is different from that described above for
singleplex searches. This is largely because the storage and checking of primers products that will
not yield a suitable multiplex set is a waste of computational resources as the number of possible
primer combinations grows exponentially with the size of the input. Hence, to ensure that only
valid potential multiplex primer sets are stored and validated, MultiplexPCR uses a complex index
to access and store the potential set of candidate primers according to two index keys, namely PCR
product criteria (in terms of product length or Tm for conventional or Real time PCR, respectively)
and penalty scores as an approximation of the quality of the primer sets. The index provides an
optimized complex data structure to store and evaluate only those primers that populate the list of
suitable multiplex primer sets, significantly reducing computational time and memory. Even
though this index may significantly reduce the memory usage, it is worth noting that the process of
building the index itself still consumes a lot of memory, particularly when analyzing large
sequences and large numbers of targets. However, a more restricted design parameter set, such as
primer length range and PCR product or other design criteria, can significantly reduce index
memory usage as the more restrictive the parameters the more candidate primers will be rejected,
and hence, less candidate primers will be stored in the index. With this in mind, MultiplexPCR is
powered by an optimized search process that starts from building a complex index over potential
multiplex primer sets (as outlined in Algorithm 1), to subsequently perform a brute force specific
search using a greedy strategy that uses the complex potential multiplex sets index (outlined in
Algorithm 2). In this way, MultiplexPCR first finds a list of forward and reverse candidate primers

in a similar fashion to the basic singleplex search but also including additional criteria to ensure
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that designed primers are specific to their target and do not bind anywhere else. Then, should the
primers bind to multiple targets they are then marked as specific shared primers. As a result, a
shared forward primer that perfectly binds to two different targets can be used in combination with
two other specific reverse primers yielding two distinguishable PCR products for each target
sequence.

e PrimerPooler allows the user to introduce a list of primers and divide them into different pools in
order to optimize multiplex PCRs. Finally, it is worth to note that PrimerPooler, MultiPlexPCR and
SinglePlexPCR present their results through an interactive summary interface of SeqEditor from
which the users can manage and export the result in different file formats such as csv, fasta or
GTF/GFF.

With the aim to provide some examples for using PrimerPooler, MultiPlexPCR and SinglePlexPCR as well
as for validating the new search strategy for multiple species-specific primers we applied it to the design of
diagnostic primers of five Candida species that collectively account for almost 90% of all Candida-derived
bloodstream infections worldwide (Fuchs et al. 2019), namely Candida albicans, Candida glabrata,
Candida tropicalis, Candida parapsilosis and Candida dubliniensis. Supplementary File 1 shows a case
study tutorial with step-by-step indications on how to use the MultiplexPCR tool to design multiplex
species-specific primers for these five fungal pathogens. The target DNA sequences selected for this
example are the ribosomal DNA sequences of the five Candida species as retrieved from the NCBI databank
(Sayers et al. 2019).

GTF/GFF viewer: Using GTF or GFF files to mine sequences for specific annotated contents

We have also previously noted that SeqEditor supports the analysis of genomes and transcriptomes with
reference GTF/GFF file. SeqEditor implements a GTF/GFF viewer that reads the reference GTF or GFF
file with the annotations for either the sequence loaded in the browser or with the genome or transcriptome
assembly allowing users to search, filter and extract sequence features, e.g. chromosomes, genes, exons,

introns, from the assembly using the annotations provided by GTF/GFF file. That viewer is accessible by



oNOYTULT D WN =

Bioinformatics

double-clicking on a sequence file placed at the directory browser or through the tab “Annotation” of the
browser menu. Once the GTF/GFF file is loaded, users can visualize all the annotated features, as a grid of
rows and columns in the viewer. In Figure 2, we show the different viewer’s tasks that can be executed with
the mouse, while the different tools implemented via menu in the GTF/GFF viewer for filtering, searching,
saving and editing are shown in Figure 3. The GTF/GFF viewer has been tested with distinct assemblies
and GTF/GFF files provided by the Candida Genome Database (Skrzypek et al., 2017), Ensembl
(Cunningham et al 2019) and the NCBI (Sayers et al. 2019) as well as a with tailor-made GTF file created
based on the gene prediction Generated by the software AUGUSTUS 3.3 (Stanke et al., 2008) for the
Sparus aurata Genome (Pérez-Sanchez et al 2019). The viewer also accepts bed files and other files in plain

format.

Discussion and Conclusion

In this article, we have introduced SeqEditor a new desktop application for browsing, editing, management
and analysis of nucleotide and protein sequences. SeqEditor can work either as a file manager or as a
graphical sequence browser thus combining the graphical versatility of GUI applications with a high
efficiency for data processing almost comparable to that of CLI tools. SeqEditor is optimized for the
analysis of large sequences and although this kind of analyses is rather dependent of the RAM power of
each PC, with 25-30 Gigabases of RAM the sequence browser of SeqEditor is able to convincingly deal
with sequences of up to 300 megabases, thus providing biological researchers with a user-friendly but
efficient GUI-based application for analysis of the largest scaffolds and chromosomes (Note that the largest
human chromosome is around 250 megabases). Besides, SeqEditor implements a set of tools for singleplex,
multiplex primer design and primer pooling that has been introduced in this article making particularly
emphasis in explaining the search strategy and algorithms for multiplex and target-specific primers. To
exemplify, validate and highlight the utilities of this specific implementation, we have performed a
comprehensive primer design test using five human fungal pathogens for which fast and accurate

diagnostics is necessary (Consortium OPATHY and Gabaldon 2019). Here, it is worth to stress the
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importance of target-specific primers, which are central for the identification of species in many
microbiological processes or for determining antimicrobial susceptibility as well as infection load. In fungal
research, e.g. target-specific primers are frequently used for the identification of a yeast pathogen that is
responsible for a given infection and this is clinically relevant because, despite all currently available
antifungal drugs, invasive fungal infections still have a mortality rate of >50% (Brown et al. 2012); in
particular, Candida-related bloodstream infections have a mortality rate between 30%-60% (Hirano et al.
2015). These ranges imply high economic costs derived from longer hospital stays and the need for multiple
analyses that account for over $7.2 billion in 2017 just in the USA (Benedict et al. 2019) and it is thus
within this context where applications like SeqEditor become of utility for accurate diagnosis. The other
implementation that makes SeqEditor a valuable tool for many biological researchers working with
reference genomes and transcriptomes, is its GTF/GFF viewer. Indeed, reference genome and transcriptome
are difficult (almost impossible) to manage with GUI-tools due the complexity of the genome/transcriptome
assemblies and their associated GTF/GFF files thus limiting the analyses of this material to CLI tools and
therefore to expert bioinformaticians. In contrast, the GTF/GFF viewer of SeqEditor can be easily managed
by any researcher with bioinformatic skills at the user level in order to mine assemblies and extract
information and data such as exons promoters, gene families.
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Figure legends

Figure 1: Layout and main sections of SeqEditor. The directory browser, the top menu, the sequence
browser and the browser menu are indicated with blue labels. Examples of interfaces, summary views and
task dialogs for ORFs, motifs, primers are highlighted with red labels. Views are customizable and the user
can adjust each location of each part by dragging it to the desired location. Note that the default layout on
startup will only show the directory browser. Other views and windows will be displayed when performing
the corresponding task.

Figure 2: GTF/GFF viewer and different options for mouse-dependent tasks in that viewer. Annotations
can be manually selected or deselected by clicking (two times) with the mouse to check/uncheck rows or
by right-clicking anywhere to call a context menu providing distinct checking options or for visualizing a
feature in the browser. By clicking one or two times on the column headers of the viewer, users can sort
annotation file contents. Users can also select the texts of rows and from the column cells shown in the

viewer using the mouse.

Figure 3: Different task options provided by the menu of the GTF/GFF viewer. The tab “Filter within
columns” let users to use a key word to filter annotations in a particular column and show only those that
match the word. The tab “Search features” gives access to a context dialog allowing to specify one or more
key words to search and check a subset of annotations matching these criteria (the options “or”” and “and”
can be used to improve the search). “Save Annotations” permits to save any edit or change done in the
GTF/GFF or to export only the checked annotations in a new GTF or GFF file. “Extract Sequences” calls
another context dialog that permits to extract sequence features indicated as checked in the viewer; the
dialog offers additional exporting options to name the fasta headers of exported sequences or for exporting
the sequences with upstream and downstream nucleotide extensions of a size determined by the user.
Finally, “Revise edits” permits to edit the GTF/GFF file to correct or curate the annotation of any sequence
if it has been previously edited with the browser. That is, if a user opens a sequence file and the associated

GTF or GFF with the sequence browser and the GTF/GFF viewer, the user is allowed to edit the sequence
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in the browser. To update the GTF/GFF file according to this change the user only needs to click on the tab
“Revise edits”. In doing so, the viewer detects and shows in the GTF/GFF viewer the annotations of those
sequences that have been edited in the browser. Then, if clicking on the row for the edited sequence, the
browser is called again and the region affected by the edit is highlighted in the browser (as also shown in
Figure 3). Finally, the user only can use the mouse to manually adjust the highlight of the edited region (for
example an exon) by dragging the highlight until the correct coordinate of that feature in the browser. After
this action the coordinates of that feature are corrected in the GTF/GFF viewer according the final highlight
stated in the sequence browser. Then the user only need to save the new GTF or GFF file using the options
provided by the tab “Save Annotation”.

Supplementary files

Supplementary File 1: Case study tutorial for the design of multiplex species-specific PCR primers with
SeqEditor. Ribosomal DNA sequences of five fungal pathogens namely C. albicans, C. glabrata, C.

tropicalis, C. parapsilosis and C. dubliniensis were used in the test to validate the search algorithms.
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Algorithms

Algorithm 1 : Building Potential Multiplex Set Index

Input : seqList : a list of n target sequences

PArgs : Design Parameters

Output: p/ndex : potential Multiplex Set Index
Result: Potential Multiplex Set Index

/* Potential Multiplex Set Index provide a fast and optimized complex  */
/* data structure to store and evaluate only primers that contribute to  */
[* acceptable multiplex primer set. */

foreach targetSeq in seqList do

en

/* Basic Primer3 search */
Populate forward/reverse primer list for targetSeq;
Sort primers lists;

d

foreach primer in forward/reverse list do

Check primer specificity;
/* Specific primers bind only to any target sequences and do */
/* not bind to any sequences in not target library if provided */

Categorize/groups primers that bind to multiple target;

en

/* Primers could bind to multiple targets, this way it can be */

/* used to minimize the number of primers as long any */

/* combination produces distinguishable PCR products. */
d

plndex = Initialize an empty potential Multiplex Set Index;

foreach possible pcrProduct formed by forward/reverse pairs do

/* Check acceptable PCR product criteria (Length, Tm) */
if pcrProduct is acceptable product then

Insert pcrProduct into pindex ;

end

[* pIndex is built with two keys : */

/* PCR product criteria and multiplex set score */

[* Set score is an average score of all primers pairs */

[* Score is approximated as it is calculated before evaluating primers */
[* to avoid heavy computational if not needed */

en

d

return pindex;

Page 14 of 18
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1

2

2 Algorithm 2.- Specific/Multiplex Primers search

5 Input : seqlist: a list of n target sequences

6 PArgs : Design Parameters

7 pindex : potential Multiplex Set Index (Returned by Algorithm 1)
8 Output: List of candidate multiplex primers set

9 Result: Candidate Specific multiplex primers set

10

11

12 mSets = Initialize an empty list for candidate multiplex set ;

13 while TRUE do

14 potentialSet = Pull a potential multiplex set from pIndex with the best score;
15 foreach pcrProduct in potentialSet do

16 Evaluate Forward/Reverse primers in pcrProduct;

1; if any does not satisfy any criteria in pArgs then

19 Ignore potentialSet;

20 Update pindex;

21 /* Index update will invalidate any set contains any */
22 /* of the invalidated primers */

23 continue;

24 end

2> end

26 .

27 Evaluate primers;

28 [* Evaluate all primers across different tagert to check for */
29 /* any primer dimer formations */

30 if potentialSet satisfy all criteria provided by pArgs then

31 |Add potentialSet to mSets;

gg if mSets have enough solutions or max number of iterations reached then
34 | break;

35 end

36 if pIndex has not more candidates then

37 [* Search exhausted no more possible solutions */
38 break;

39

40 end

41 end

42 return mSets;

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59
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Figure 1: Layout and main sections of SeqEditor. The directory browser, the top menu, the sequence
browser and the browser menu are indicated with blue labels. Examples of interfaces, summary views and
task dialogs for ORFs, motifs, primers are highlighted with red labels. Views are customizable and the user
can adjust each location of each part by dragging it to the desired location. Note that the default layout on
startup will only show the directory browser. Other views and windows will be displayed when performing

the corresponding task.
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Figure 2 : GTF/GFF viewer and different options for mouse-dependent tasks in that viewer. Annotations can
be manually selected or deselected by clicking (two times) with the mouse to check/uncheck rows or by
right-clicking anywhere to call a context menu providing distinct checking options or for visualizing a feature
in the browser. By clicking one or two times on the column headers of the viewer, users can sort annotation
file contents. Users can also select the texts of rows and from the column cells shown in the viewer using
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Figure 3 : Different task options provided by the menu of the GTF/GFF viewer. The tab “Filter within
columns” let users to use a key word to filter annotations in a particular column and show only those that
match the word. The tab “Search features” gives access to a context dialog allowing to specify one or more
key words to search and check a subset of annotations matching these criteria (the options “or” and “and”
can be used to improve the search). "Save Annotations” permits to save any edit or change done in the
GTF/GFF or to export only the checked annotations in a new GTF or GFF file. “Extract Sequences” calls
another context dialog that permits to extract sequence features indicated as checked in the viewer; the
dialog offers additional exporting options to name the fasta headers of exported sequences or for exporting
the sequences with upstream and downstream nucleotide extensions of a size determined by the user.
Finally, “Revise edits” permits to edit the GTF/GFF file to correct or curate the annotation of any sequence if
it has been previously edited with the browser. That is, if a user opens a sequence file and the associated
GTF or GFF with the sequence browser and the GTF/GFF viewer, the user is allowed to edit the sequence in
the browser. To update the GTF/GFF file according to this change the user only needs to click on the tab
“Revise edits”. In doing so, the viewer detects and shows in the GTF/GFF viewer the annotations of those
sequences that have been edited in the browser. Then, if clicking on the row for the edited sequence, the
browser is called again and the region affected by the edit is highlighted in the browser (as also shown in
Figure 3). Finally, the user only can use the mouse to manually adjust the highlight of the edited region (for
example an exon) by dragging the highlight until the correct coordinate of that feature in the browser. After
this action the coordinates of that feature are corrected in the GTF/GFF viewer according the final highlight
stated in the sequence browser. Then the user only need to save the new GTF or GFF file using the options
provided by the tab “Save Annotation”.
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