
RECEIVED 21 July 2015
REVISED 22 October 2015

ACCEPTED 22 October 2015
PUBLISHED ONLINE FIRST 17 January 2016

A high-precision rule-based extraction
system for expanding geospatial metadata
in GenBank records

Tasnia Tahsin, Davy Weissenbacher, Robert Rivera, Rachel Beard, Mari Firago,
Garrick Wallstrom, Matthew Scotch, and Graciela Gonzalez

ABSTRACT
....................................................................................................................................................

Objective The metadata reflecting the location of the infected host (LOIH) of virus sequences in GenBank often lacks specificity. This work seeks
to enhance this metadata by extracting more specific geographic information from related full-text articles and mapping them to their latitude/
longitudes using knowledge derived from external geographical databases.
Materials and Methods We developed a rule-based information extraction framework for linking GenBank records to the latitude/longitudes of the
LOIH. Our system first extracts existing geospatial metadata from GenBank records and attempts to improve it by seeking additional, relevant geo-
graphic information from text and tables in related full-text PubMed Central articles. The final extracted locations of the records, based on data as-
similated from these sources, are then disambiguated and mapped to their respective geo-coordinates. We evaluated our approach on a manually
annotated dataset comprising of 5728 GenBank records for the influenza A virus.
Results We found the precision, recall, and f-measure of our system for linking GenBank records to the latitude/longitudes of their LOIH to be
0.832, 0.967, and 0.894, respectively.
Discussion Our system had a high level of accuracy for linking GenBank records to the geo-coordinates of the LOIH. However, it can be further im-
proved by expanding our database of geospatial data, incorporating spell correction, and enhancing the rules used for extraction.
Conclusion Our system performs reasonably well for linking GenBank records for the influenza A virus to the geo-coordinates of their LOIH based
on record metadata and information extracted from related full-text articles.

....................................................................................................................................................
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BACKGROUND AND SIGNIFICANCE
Information extraction (IE) involves the use of natural language pro-
cessing techniques for automated extraction of structured information
about entities, relations, or events from unstructured textual data. In
recent years, the rapidly expanding field of IE has been applied to ac-
celerate research in various biomedical domains. For instance, IE
methods are currently being used to automatically extract relations be-
tween drugs, genes, and diseases from PubMed articles in order to
populate the structured PharmGKB database,1 which in turn can be
used for advancing personalized medicine.

Much less work in IE has explored supporting public health appli-
cations that heavily rely on detailed geospatial information about the
sampling sites of genetic sequences. One example of such an applica-
tion is phylogeography, which has recently grown into a popular
means of tracking the spread of infectious pathogens and enhancing
their epidemiological analysis.2–4 For instance, Hovmöller et al.5 used
multiple phylogenetic trees to estimate the geographical transmission
routes of a highly pathogenic strain of H5N1 virus and developed a
web application for visualizing the estimated routes. Similarly, Janies
et al.6 combined phylogenetic analyses with visualization techniques
to study the global spread of H7 influenza A viruses. In addition to ad-
vancing the surveillance of infectious diseases, such forms of se-
quence-based analysis, incorporating the location of the infected host
(LOIH) from which the pathogen sequence was isolated, can also as-
sist the design and distribution of vaccines, and help clinical re-
searchers better understand the etiology of various diseases.2,7,8

The geographic metadata required for studies involving the spatial
modeling of sequences are often obtained from public databases such
as GenBank,9 which is part of the International Nucleotide Sequence
Database Collaboration and includes data deposited by researchers all
over the world. Each GenBank record contains separate fields for hold-
ing various forms of sequence-related metadata such as strain name,
date of collection, LOIH, and the type of host. The LOIH is typically pre-
sent in the country field of the record. Despite its name, this field does
not simply contain the name of the country in which the host was
found; it may include locations with varying levels of specificity or may
not contain any location at all. For instance, in GenBank record
AY282759 (of note, this is the accession number of the record, not the
GenBank identifier), this field does not contain any geographic meta-
data; in M63769 it contains a single ambiguous place name,
“Cambridge” without indicating the specific country in which it re-
sides; in GU332632 it contains the name of a state “USA:Iowa”; and in
CY024354 it contains the name of a city “China:Shantou.” Since build-
ing precise spatial models often requires very specific information
about the LOIH of the sequences being studied, the geospatial meta-
data in GenBank, even when available, may not be sufficient for the
researcher. For instance, Raghwani et al.10 used district-level phylo-
geographic analysis to study dengue virus migration within Ho Chi
Minh City in Vietnam. With only country-level or province-level geospa-
tial metadata, such an analysis would not have been feasible.

Because of the absence or inadequacy of geospatial metadata
in GenBank records, researchers might need to search full-text
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publications linked to the records for more specific information. If
found, the more specific metadata from the paper is incorporated
within their study. However, a manual survey of articles is a time-
consuming and tedious process and presents a major bottleneck for
data collection. Moreover, many studies may require the specific lati-
tude/longitude coordinates of the sampling sites; thus, simply finding
the name of the locations may not be enough. For instance, for contin-
uous phylogeography studies11 and disease spread visualization
tools,12 obtaining the specific geo-coordinates is crucial. In this case,
researchers wishing to use the information would need to perform an
additional step of mapping each location to its correct geospatial coor-
dinates using a database such as GeoNames,13 which lists 10 million
geospatial locations across the world. This is not a trivial process,
since some locations can be highly ambiguous and possibly map to a
large number of unique coordinates. Consider, for example, “Malang,
Indonesia,” which is mapped in GeoNames to 23 distinct locations. An
additional problem ancillary to the manual process is that, depending
on how the ambiguities are resolved, it is possible that different coor-
dinates would be derived for the same study by different researchers.

Therefore, an automated system for the extraction of geospatial
metadata from GenBank records and related full-text articles can help
make this process faster and more systematic, positively impacting
public health research. To the best of our knowledge, no such system
currently exists. The Bacteria Biotope Task14 of BioNLP Shared Task
2013 included the extraction of localization relations between bacterial
species and geographical entities, but participants were not required
to map the geo-entities to their latitude/longitude coordinates and the
task corpus consisted of web documents rather than full-text scientific
articles. Additionally, Tamames and Lorenzo15 performed toponym
(location name) resolution (detection and disambiguation) in full-text
articles mentioning the sampling sites of bacterial sequences, and
achieved a precision and recall of 0.92 and 0.86, respectively, for this
task. However, their work did not focus on linking the sequences to
their collection sites in the articles. Other studies have analyzed or
used GenBank metadata, often in combination with other resources,
for various applications16–20 but none specifically attempted the en-
hancement of geospatial metadata in GenBank using information ex-
tracted from full-text articles.

OBJECTIVE
The objective of the present study was to provide an IE framework for
automatically linking GenBank record sequences to the latitude and
longitude coordinates of their LOIH in order to help advance public
health research. Our system attempted to make this location as spe-
cific as possible by extracting geospatial metadata from GenBank re-
cord fields and related full-text PubMed Central (PMC) articles. As our
primary case study, we present a detailed evaluation of our system on
a set of manually annotated GenBank records for the influenza A virus.
We chose this virus because of the large sample of influenza A se-
quences in GenBank as well as its significance in public health
research. In addition, to test the generalizability of our system, we also
report its accuracy on a smaller sample of GenBank records for St.
Louis Encephalitis (SLE), Eastern equine encephalitis (EEE), Western
equine encephalitis (WEE), West Nile virus (WNV), rabies, and hantavi-
rus, which are some of the most widely studied zoonotic viruses
(viruses transmittable between animals and humans) by public health,
agricultural, and wildlife state departments in United States.21

MATERIALS AND METHODS
Our methodology for conducting this study can be divided into three
broad stages: selection and download of GenBank records and related

PMC articles, development of the IE system, and evaluation of the IE
system. Each of these stages is described in detail below.

Selection and Download of GenBank Records and Related PMC
Articles
For the influenza case study, we used stratified random sampling to
select �10% of all PMC articles linked to GenBank records for the in-
fluenza A virus (stratification was performed based on the number of
records linked to each article; further details given in Appendix A).
This produced a corpus of 60 PMC articles corresponding to 5728
GenBank records. We manually downloaded the PDF versions of these
papers and used Xpdf22 to convert them into text files (of note, we
chose to use the PDF version of each article instead of parsing its
HTML version or searching for its XML version in PMC Open Access
because not all articles have an HTML version and only a limited sub-
set of PMC articles are available through PMC Open Access). In addi-
tion, we used the National Center for Biotechnology Information (NCBI)
Entrez Utilities application programming interface (API)23 to download
relevant metadata fields from the selected GenBank records, includ-
ing: country, strain, organism, isolate, date, and host.

For our secondary study, we first gathered a list of PMC articles
linked to at least 10 GenBank records associated with the remaining
six viruses (SLE, EEE, WEE, WNV, rabies, and hantavirus) and
randomly selected two PMC articles for each virus. For each selected
article, we randomly selected 10 records for inclusion within our eval-
uation sample. This resulted in a total of 120 records from 12 articles,
equally distributed among the 6 viruses.

IE System Development
Our geospatial IE system is largely dependent on the GeoNames13

database, a collection of over 10 million geospatial locations across
the world that has been effectively used in several existing systems
for toponym resolution.15,24,25 In addition to location names,
GeoNames also contains several useful features about each entry in
the database such as population data, country code, and the latitude
and longitude coordinates of the location’s centroid. For the purpose
of this project, we downloaded the GeoNames data available online
and imported it into a local database. In addition, we also imported
data from the Socrata dataset,26 which contains geospatial data for
243 countries, since several country names were too ambiguous in
GeoNames. For instance, the results from the query “Italy” in
GeoNames does not include the country “Italy”—it contains populated
places in other countries. One needs to query for “Repubblica Italiana”
to retrieve this country. France, on the other hand, is listed as
“Republic of France” and not “Republique Francaise.” If we include al-
ternate names for these countries we obtain names such as “Farani”
for France, which are not as likely to be referring to the country in a
scientific article written in the English language and may generate
more false positives (FP). Therefore, we opted to include the Socrata
dataset, which focuses solely on countries.

In order to introduce a stopping criterion for our system, we de-
fined any location more specific than first order administrative division
(ADM1) level as “sufficient” based on our prior study.27 This criterion
includes counties, districts, cities, towns, or any other form of popu-
lated place within a country that is less specific than states and prov-
inces. As illustrated in Figure 1, if a record already contains sufficient
geographic metadata within the record, our system directly proceeds
to assigning geo-coordinates to the locations present in the record
metadata instead of processing the related paper. For records with in-
sufficient geographic metadata, the system attempts to extract more
specific information from the related article, if available, until it finds a
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LOIH that is considered sufficient (see Figure 2). Therefore, our system
is capable of finding locations more specific than ADM1 (such as dis-
tricts and cities) but does not necessarily search for more specific geo-
spatial information once it finds such a location. To ensure retrieval of
even more specific locations, when available, the stopping criterion
would need to be altered.

For our current study, we integrated data from the strain, isolate,
and organism fields of GenBank records, in addition to the country
field, for extracting existing geospatial metadata from the records.
This is because virus nomenclature often includes the unique practice
of incorporating the LOIH of sequences within their taxon names. For
instance, the strain field of GenBank record JF340084 contains “A/
St.Petersburg/14/2010” while the country field contains “Russia,”
thereby implying that the sequence was isolated from “St. Petersburg,
Russia.”

The individual steps in the system pipeline are described below.

Record Location Extractor
The first step in our system pipeline involves the integration of existing
geospatial metadata present within the country, strain, isolate, and or-
ganism fields of the GenBank record in order to identify the most spe-
cific LOIH available within the record itself. For instance, if the country
field contains the location “China” while the strain field contains the
location “Guangdong,” then the most specific LOIH for this record
based on record data will be “Guangdong, China.” The record location
extractor module uses our integrated database of geospatial locations
for detecting location names mentioned within the record, determining
the administrative level of each location detected and pairing extracted
location names with any mention of their parent ADM1-level location
and/or parent country in the record.

Sufficiency Analyzer
Depending on the final output produced by the record location extrac-
tor, a GenBank record may be classified as either sufficient or

insufficient. To be considered sufficient, the GenBank record must ei-
ther contain a location name more specific than ADM1-level along
with the name of the country in which it resides; e.g., “San Diego,
USA” or a location name more specific than ADM1-level that can only
be present in a single country; e.g., “Beijing,” which can only be pre-
sent in “China.” A record classified as insufficient may contain no lo-
cation information, only country-level information; e.g., “China,”
ADM1-level information along with associated country name; e.g.,
“Guangdong, China” or ambiguous location information for which no
matching country name could be found within the record; e.g.,
“Osaka,” which is a place that can be present in Japan, USA, South
Africa, or the Solomon Islands. For all records that are classified as in-
sufficient, our system searches the related full-text PMC article for
more specific geospatial information using our table linker, text parser,
and text linker modules.

Table Linker
The purpose of the table linker module is to identify possible LOIHs us-
ing table data (if available) in referenced PMC articles. Since the con-
version from PDF to text does not allow the tables in the document to
retain their defined structure, we directly parsed the HTML content of
the articles in PMC to extract table information. For every table in each
article related to at least one insufficient record, the table linker ana-
lyzes the table headers to determine whether or not it possesses rele-
vant information that could be used to link a GenBank record to a
geographic location. A table is considered relevant if one of its headers
contains the word location or any of its synonyms (location column)
and another contains the words accession, strain, date, host, or one of
their synonyms (GenBank metadata column). We manually compiled a
list of synonyms for each of these words. If the data from the GenBank
metadata column of one of the rows of a relevant table matches the
metadata of the record, the table linker links data from the location
column of the row to that record (see Figure 2). Aside from date meta-
data, we used exact match as our means of establishing equivalency

Figure 1: System pipeline for a GenBank record with sufficient geospatial metadata (location of infected host more specific than state or
province level).

RESEARCH
AND

APPLICATIONS

Tahsin T, et al. J Am Med Inform Assoc 2016;23:934–941. doi:10.1093/jamia/ocv172, Research and Applications

936



between table data and GenBank record data. For dates, we first nor-
malized the data before comparing them. Here, we used Stanford
SUTime28 along with a separate rule-based program that we wrote for
normalizing date metadata in GenBank records, presented in formats
such as “12-May” and “12-Jun-2007,” which Stanford SUTime was
unable to parse, into TIMEX expressions.

Text Parser
To allow effective IE from the textual content of the article, we first
used the text parser module to extract all sentences, tokens, and

toponyms and stored them in a local database. For toponym detection,
we used our system presented by Weissenbacher et al.,29 which was
found to have a precision, recall, and f-score of 0.599, 0.904, and 0.72,
respectively, for this task. For sentence segmentation, we used the
ANNIE module from the GATE platform,30 while for word segmentation,
parts-of-speech tagging, and chunking, we used the Genia tagger.31

Text Linker
The text linker module links the geospatial entities identified by our
toponym detection system within an article to relevant GenBank

Figure 2: System pipeline for a GenBank record with insufficient geospatial metadata (location of infected host not more specific than
state or province level).
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records using a rule-based approach. A geospatial location extracted
from an article is linked to a record referencing the article if the sen-
tence containing the location also mentions other record metadata,
such as strain name and accession number, or fits a few simple pat-
terns that we developed. In Appendix B, we list the patterns used by
our system. For every geospatial entity identified by our toponym de-
tection system in an article related to a specific insufficient record, our
text linker first determines whether the entity is present in a relevant
section of the article (of note, the Author Affiliation, Acknowledgment,
and Reference sections are considered to be the only “irrelevant” sec-
tions of an article) and for those that are, it proceeds to analyze the
sentence containing the entity to check if it fits any of the utilized pat-
terns; if it does, the entity is considered to be a possible candidate for
the location of the virus.

Data Integrator
The data integrator module assimilates information extracted by the
record location extractor, table linker, and text linker modules for a
given GenBank record to produce a coherent set of geographical loca-
tions that are possible LOIHs for the record. This set of locations is re-
ferred to as final locations in the remainder of the present article. The
first step in this process involves the elimination of all locations ex-
tracted by the text linker and table linker that are inconsistent with the
output produced by the record location extractor. A location is said to
be inconsistent if one of the following is true: 1) It does not belong to
the same country as the record location; or 2) it does not belong to the
same ADM1-level location as the record location (e.g., “Philadelphia”
is inconsistent with “Arizona, USA”). Once all the inconsistent loca-
tions have been removed, the data integrator uses output from the ta-
ble linker and text linker to increase the specificity of the record
location until a sufficient location is found; if no sufficient location is
found, it outputs the most specific location retrieved. In case of loca-
tions with the same level of specificity, preference is given to table-de-
rived locations over text-derived locations. This is because tables tend
to link each individual record to its precise LOIH (one-to-one mapping)
whereas paragraphs in the article typically provide a list of locations
related to all records referenced in them (see Figure 2). Therefore,
adding information from the text linker, when sufficient table data is
present, may reduce system precision. The final output from this mod-
ule consists of distinct, non-overlapping locations considered by the
system to be the set of most specific LOIHs available for the record
based on the sources analyzed. This may include more than one loca-
tion if the heuristics fail to narrow it down to a single LOIH. For every
location, the parent country name and ADM1-level location is also in-
cluded in the output, if found by the system.

Location Disambiguation Module
The location disambiguation module links each final location to its
specific latitude and longitude coordinates. First, the system queries
our geospatial database to retrieve all possible latitude/longitudes for
the location. Next, it sorts them based on their feature codes (code in
GeoNames denoting the type of the location, e.g., country, state, city,
etc.) and chooses the group of coordinates belonging to the least spe-
cific feature codes. For instance, in GeoNames, “Arizona” can be both
a state in United States with feature code of ADM1 and a populated
place in the state of Texas, United States with feature code of PPL but
our system will only select the former since it has a less specific fea-
ture code. This heuristic is based on the assumption that in the major-
ity of cases, when an author mentions a location name that can refer
to multiple places on earth with varying levels of specificity, he/she is
referring to the one that is more widely known across the world and

the less specific a place is, the more widely known it tends to be.
Lastly, the module sorts the group of coordinates selected in the previ-
ous step based on their population, and outputs the set with the high-
est population. This is a popular heuristic32 within the field of toponym
disambiguation since it is generally assumed that places that have
higher populations are better known among people and are more likely
to be mentioned. When querying the database for the latitude/longi-
tudes of a given location, we included the country code and ADM1
code of the location, if known.

System Evaluation
In order to evaluate our system for the influenza case study, three an-
notators manually annotated the 5728 GenBank records linked to the
60 related papers. The annotators followed a set of guidelines created
prior to development of the corpus and documented relevant data for
evaluating each individual module within the system pipeline (see
Appendix C for annotation details and Figure 3 for example). We calcu-
lated the inter-rater agreement (IRR) for “sufficiency” annotation of
2017 records related to six randomly selected PMC articles and the fi-
nal location (defined in the Data Integrator section) annotation of 1477
records related to 36 randomly selected PMC articles. We used the
traditional IRR metric of Cohen’s kappa statistic as our measure of IRR
for “sufficiency” annotation. However, for the other annotations, we
used f-score as our measure of IRR, holding one annotator as the gold
standard each time. This is because Cohen’s kappa calculation re-
quires well-defined negative cases, which we lack for these annota-
tions, and f-score has been shown to be a reliable IRR measure for
information retrieval tasks.33 After calculation of the IRR, the annota-
tors performed multiple rounds of annotation for all records to ensure
that the guidelines were followed and any mistakes corrected before
creation of the gold-standard corpus (included as supplementary file
in Appendix D).

We evaluated the different components of our system for the influ-
enza case study using Exact Match per record-location linkage criteria.
In this case, a true positive indicates that a given record-location link-
age extracted by our system is equivalent to one annotated in the gold
standard. For the final locations, we normalized the country codes to
allow for fairer comparison but partial matches were not allowed. For
instance if the annotated final location for a record is “New York City,
New York, USA” and our program simply outputs “New York, USA,”
then we count this linkage as both a FP and a false negative. When
evaluating the disambiguation module, we considered two geo-coordi-
nates of non-country locations to be equivalent if they were within 10
miles of each other; geo-coordinates of country-level locations were
considered equivalent if they were within 200 miles of each other. We
used a larger margin for country mentions since our annotators used
the GeoNames website online to annotate these locations while our
system used the Socrata dataset and there were slight discrepancies
between the two sources.

For our secondary study, we annotated only the final location for
each record and manually verified whether the final location extracted
by our program matched our annotated location for each record. If any
part of the correct location was missing or additional FPs were present
within the final location for a record, then we counted it as a single er-
ror. This allowed us to estimate the accuracy of our system for other
viruses.

RESULTS
Corpus Statistics
According to the results from our gold standard annotation, 75% of
the 5728 GenBank records selected for our influenza case study were
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found to be insufficient using data from all four fields in the GenBank
records. The specificity of the LOIH of 38% of insufficient records was
increased using information from the PMC articles. For 90% of these
records, it was necessary to read the full-text content of the articles,
rather than the abstract only, to make the LOIH more specific.

The percentage of insufficient records in our secondary study was
61%. The specificity of 70% of the insufficient records was increased
using information from the full-text content of the PMC articles, pri-
marily tables.

Inter-rater Agreement
The IRR for the sufficiency annotation of 2017 GenBank records from
the influenza case study was found to be 0.984 on average, using
Cohen’s kappa statistics as a measure of agreement. Table 1 presents
the IRR between each pair of annotators for this task.

For the final location annotation of 1477 GenBank records from the
influenza case study, the IRR was found to be 0.755 on average, using
f-score for exact match per record-location linkage as a measure of
agreement between each pair of annotators (the individual f-scores
were 0.677, 0.699, and 0.888, respectively).

Performance Statistics of the IE System
For determination of the sufficiency of records, our system had a
Cohen’s kappa value of 0.988 when compared to the gold standard
annotation.

Of the 5728 GenBank records used for the influenza case study, our
system was able to correctly link 5011 records to the correct final loca-
tion. For two of the records, neither our system nor our annotators were
able to find any geospatial information about their LOIH. For the remain-
ing 715 records, the final location extracted by our system did not ex-
actly match the final location identified by our annotators. However, for
604 of these records, our system output for final location included true
positive matches in addition to FPs. For instance, for record GQ463225,
our system output for final location was “Guangdong China; Fujian
China” while the annotated final location was “Guangdong, China.”

The precision, recall, and f-score of individual tasks performed by
the system based on the evaluation criteria described in The Materials
and Methods section for the influenza case study is given in Table 2.

The accuracy of our system for linking the 120 records used in our
secondary study to their correct final location was found to be 75%
(90 records had correct final location).

DISCUSSION
The results indicate that our system is capable of linking GenBank re-
cords to the correct location of sequence collection with a high level of
recall and precision. However, since our system evaluation was pri-
marily performed on GenBank records related to the influenza A virus,
the results may not be a true reflection of its performance level for
GenBank records related to other pathogens. Using the remaining 120
records allowed us to obtain a rough estimate of its accuracy for other
viruses but the generalizability of this secondary study is limited by its
small sample size. Moreover, at its current state our system is only ca-
pable of analyzing records related to PMC articles and therefore, we
were limited in our selection of the GenBank records for this study.

Our IRR for sufficiency annotation was very high and matched by
the performance of our automated module for this task. However, for
final location, we had a relatively low IRR due to misinterpretation of
annotation guidelines and missed locations in linked articles, illustrat-
ing the difficulty of this task. For instance, one of our annotators listed
“New York City, New York, USA” as the final location while the second
annotator simply listed “New York, USA” due to missed information in

Figure 3: Example of annotated GenBank records for the influenza case study.

Table 1: Inter-rater agreement for sufficiency annotation
based on kappa statistic

Measurements A;B A;C B;C

Sufficient;Sufficient 1329 1312 1316

Insufficient;Insufficient 683 684 683

Sufficient;Insufficient 0 17 18

Insufficient;Sufficient 5 4 0

Kappa value 0.994 0.977 0.980

A, B, and C represent the three annotators, respectively.
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the article. Through repeated annotations, we minimized these mis-
takes in our gold standard.

For the majority of records whose specificity was increased using
information from a related article, it was necessary to retrieve data
from the full-text content of the article, including tables. This supports
our decision to parse full-text PMC articles rather than PubMed ab-
stracts for this study.

Although we presented evaluation results for the various tasks per-
formed by our system for the influenza case study, we will only present
a detailed discussion of its performance in the extraction and disambig-
uation of final locations, which is the principal objective of the system.
Upon conducting a thorough error analysis for the task of final location
extraction, we found that 613 of the 715 records with incorrect final
locations were caused by the system’s failure to correctly identify the
parent ADM1 code of the locations. A total of 605 of these errors were a
direct result of the ambiguity of the location “Philadelphia, USA” in
GeoNames. Philadelphia was one of the several locations mentioned in
a paper linked to over 600 records and our system produced locations
such as “Philadelphia, Virginia, USA” and “Philadelphia, New York,
USA,” respectively, for records containing “Virginia” or “New York” in
the GenBank metadata fields. Since we are evaluating the system on a
per record-location linkage basis, a single paper associated with a large
number of records can have a substantial effect on the system perfor-
mance. However, by collecting a stratified random sample of papers
from the list of all PMC articles related to GenBank records for the influ-
enza A virus, based on the number of records linked to them, we at-
tempted to prevent this from skewing the results significantly (see
Appendix E for table showing the distribution of GenBank records and fi-
nal location errors across the articles)

For 72 records (linked to 8 papers), our system failed to correctly
identify the final location due to errors produced by the text linker.

Forty-one of these errors (representing 4 papers) were due to the text
linker missing relevant relations in the related paper since they did not
fit any of the utilized patterns while the remaining resulted from its
lack of precision. Although the system’s failure to correctly identify the
parent ADM1 code of the locations accounted for a significantly
greater number of errors in our current evaluation set, the limitations
of the text linker, by leading to errors in a larger number of articles,
has the potential to be a greater problem in the future depending on
the number of records linked to the affected articles.

Spelling errors in the GenBank metadata (e.g., “Jilangsu” recorded
in JN804364 instead of “Jiangsu”) and missing location names in
GeoNames (e.g., “Pasteur Institute, France”) accounted for incorrect
final locations in 17 records, none of which had more specific informa-
tion in the paper. The remaining errors were primarily caused by loca-
tions missed by the table linker due to the presence of split cells in the
relevant table of a single paper and the failure of the disambiguation
module to select the correct candidate for a single ambiguous topo-
nym mention (e.g., “Cambridge”).

The coordinates chosen by our disambiguation module were incor-
rect for a total of seven correctly identified final locations (correspond-
ing to 90 GenBank records) because of the rule-based nature of our
program. For five of these locations, the population recorded in
GeoNames was 0 and hence our population heuristic had no effect.

The errors in our secondary study primarily resulted from two papers.
One of the papers contained more specific information within a table but
our program was unable to parse this table since an HTML version of the
paper was not available. The second paper utilized two-letter codes to
describe the city and state in Brazil from which the virus sample was
isolated and our annotator was able to use this data to infer the LOIH of
the related sequences. For example, based on the isolate field
“CA_SP_P1/0” for record EU170195, our annotator was able to deduce
that the LOIH for the sequence was C�assia dos Coqueiros, Sao Paolo,
Brazil. Our program was unable to make such inferences. The majority of
remaining errors were a result of missing locations in GeoNames.

CONCLUSION
Our system is capable of linking genetic sequences in GenBank re-
cords to the coordinates of their LOIH, using data from the record itself
or related PMC articles, with reasonably high accuracy. However, as
our error analysis showed, even a single error type can lead to a sig-
nificant reduction in system performance if a large number of records
happen to be affected by this error type. Therefore, as future work, we
will attempt to address the different limitations of our system by incor-
porating additional databases for geographic data such as the
Wikipedia dictionary, adding a spell check component to the record lo-
cation extractor module, and modifying the table linker so that it is ca-
pable of parsing more complex tables. In addition, since the rule-
based nature of the text linker was a major cause of errors produced
by the system, we will test the use of machine learning approaches in
this module. Finally, to determine the extensibility of the system, we
will evaluate it on other corpora including different species of viruses
and other pathogens.
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