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ABSTRACT SeqSero, launched in 2015, is a software tool for Salmonella serotype
determination from whole-genome sequencing (WGS) data. Despite its routine use
in public health and food safety laboratories in the United States and other coun-
tries, the original SeqSero pipeline is relatively slow (minutes per genome using se-
quencing reads), is not optimized for draft genome assemblies, and may assign
multiple serotypes for a strain. Here, we present SeqSero2 (github.com/denglab/Seq-
Sero2; denglab.info/SeqSero2), an algorithmic transformation and functional update
of the original SeqSero. Major improvements include (i) additional sequence markers
for identification of Salmonella species and subspecies and certain serotypes, (ii) a
k-mer based algorithm for rapid serotype prediction from raw reads (seconds per
genome) and improved serotype prediction from assemblies, and (iii) a targeted as-
sembly approach for specific retrieval of serotype determinants from WGS for sero-
type prediction, new allele discovery, and prediction troubleshooting. Evaluated us-
ing 5,794 genomes representing 364 common U.S. serotypes, including 2,280 human
isolates of 117 serotypes from the National Antimicrobial Resistance Monitoring Sys-
tem, SeqSero2 is up to 50 times faster than the original SeqSero while maintaining
equivalent accuracy for raw reads and substantially improving accuracy for assem-
blies. SeqSero2 further suggested that 3% of the tested genomes contained reads
from multiple serotypes, indicating a use for contamination detection. In addition to
short reads, SeqSero2 demonstrated potential for accurate and rapid serotype pre-
diction directly from long nanopore reads despite base call errors. Testing of 40
nanopore-sequenced genomes of 17 serotypes yielded a single H antigen misidenti-
fication.

IMPORTANCE Serotyping is the basis of public health surveillance of Salmonella. It
remains a first-line subtyping method even as surveillance continues to be trans-
formed by whole-genome sequencing. SeqSero allows the integration of Salmonella
serotyping into a whole-genome-sequencing-based laboratory workflow while main-
taining continuity with the classic serotyping scheme. SeqSero2, informed by exten-
sive testing and application of SeqSero in the United States and other countries,
incorporates important improvements and updates that further strengthen its appli-
cation in routine and large-scale surveillance of Salmonella by whole-genome se-
quencing.
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Routine and prospective application of whole-genome sequencing (WGS) continues
to transform public health surveillance of Salmonella (1, 2), one of the most

prevalent foodborne pathogens worldwide (36). Although the detection and investi-
gation of Salmonella outbreaks are increasingly reliant on WGS-based subtyping
methods, such as genome-wide multilocus sequence typing (MLST) and single
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nucleotide polymorphism (SNP) analysis (4), Salmonella serotype determination
remains a routine practice in public health laboratories because it is still integral to
surveillance and outbreak investigations. Salmonella serotypes are defined by two
surface structures, O antigen and H antigen. More than 2,600 Salmonella serotypes
have been described in the White-Kauffmann-Le Minor scheme (5, 6), though a
much smaller number are commonly reported. Molecular methods for serotype
determination that are based on genes responsible for serotype antigens (7, 8),
including the rfb gene cluster, fliC, and fljB, provide continuity with the well-
established scheme for phenotypic serotypes.

We developed SeqSero to allow identification of Salmonella serotypes from WGS
data and launched its Web application (denglab.info/SeqSero) in 2015 (9). Compared
with other WGS-based tools for Salmonella serotype determination (1, 10), SeqSero is
unique because it (i) relies on characterizing genetic determinants of Salmonella
serotype without consulting any surrogate markers, such as MLST types, and (ii)
predicts serotypes directly from raw sequencing reads without time-consuming ge-
nome assembly. As sequencing platforms that produce short sequencing reads
(�1,000 bp) are predominantly used for WGS-aided surveillance of microbial infectious
agents, including that of Salmonella (4), rapid serotype prediction directly from raw
reads supports the continued use of serotype as a first-line assay for Salmonella
surveillance.

SeqSero is routinely used in public health, food safety, and research laboratories in
the United States and other countries (11–14). The Web-based instance of SeqSero
alone has received and analyzed more than 45,000 Salmonella genomes as of Septem-
ber 2019. It is also accessible through the Center for Genomic Epidemiology (cge.
cbs.dtu.dk/services/SeqSero/) and on the BioNumerics software platform (applied-
maths.com/bionumerics), which is widely available in public health laboratories. How-
ever, the original SeqSero (here termed SeqSero1) has several limitations. First, the
raw read workflow of SeqSero1 is relatively slow (several minutes per genome), as
it requires three consecutive rounds of read mapping followed by a final round of
BLAST analysis. Second, the genome assembly workflow of SeqSero1 is not opti-
mized to handle low-quality draft genomes; for example, fragmented or incorrect
assemblies can hinder extraction and identification of serotype determinants be-
cause SeqSero1 uses in silico PCR to extract serotype determinant sequences from
genome assemblies. Third, SeqSero1 was incapable of recognizing more than one
wzx or wzy allele (O antigen determinant) or more than two flagellin alleles (H
antigen determinant) in a query genome, which may indicate potential intersero-
type contamination in the sequencing data. Finally, SeqSero1 does not identify
Salmonella species and subspecies and some serotype variants. Identification to the
subspecies level informs Salmonella serotype determination because the same
antigenic profile can be found in different species or subspecies. Variants that share
the same antigens, such as the Salmonella enterica subsp. enterica serotype Para-
typhi B pathotypes (15), require additional characterization to determine serotype
(denglab.info/SeqSero/supple). Incorporation of sequence features responsible for
such phenotypes can help differentiate such variants.

In this study, we created SeqSero2 (github.com/denglab/SeqSero2 and denglab.
info/SeqSero2) by transforming the serotype prediction algorithms and developing
new functions to better support routine and large-scale surveillance of Salmonella
using WGS.

RESULTS
SeqSero2 pipeline. The major components and workflows of SeqSero2 are outlined

in Fig. 1. Detailed information and algorithmic explanation of the pipeline are in
Materials and Methods and Fig. 2.

Serotype prediction accuracy using Illumina short reads. The overall perfor-
mance of SeqSero2, including that of its three workflows (raw reads k-mer, allele
microassembly, and genome assembly), was evaluated by analyzing 2,280 human
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clinical isolates submitted to the National Antimicrobial Resistance Monitoring System
(NARMS) at the Centers for Disease Control and Prevention (CDC) in 2015. These
isolates represented 117 distinct serotypes (Table S1). Serotype prediction accuracy of
each workflow is summarized in Table 1. The serotypes of 2,190 isolates (96.1%) were
correctly predicted by all three workflows. A total of 90 isolates (3.9%) yielded at least
one serotype prediction by any workflow that was discordant with the confirmed
NARMS serotype. The majority of these discordant predictions (n � 60) were generated
by the raw read k-mer or the assembly k-mer workflows. Among the three workflows,
the allele microassembly workflow produced the most accurate serotype predictions,
with a 98.7% concordance with phenotypic serotyping results.

Additional markers were used to differentiate specific serotypes or serotype variants
(Table 2) for 989 isolates (Table S1). Specifically, using the allele microassembly work-
flow, 48 isolates were distinguished as Paratyphi B or Paratyphi B var. L(�) tartrate(�);
433 of 439 S. enterica subsp. enterica serotype Enteritidis isolates were identified to have
the sdf marker gene (3); 66 of 389 S. enterica subsp. enterica Typhimurium or 1,4,[5],12:
i:� isolates were found to carry a previously described mutation that can result in an
O5-negative (O5�) variant (previously known as variant Copenhagen) (16); and 112 of
113 isolates belonging to the O13 group were differentiated into either O22 and O23
serotypes, which are indistinguishable by SeqSero1.

Performance comparison between SeqSero2 and SISTR using Illumina short
reads. The NARMS data set was also analyzed using the Salmonella In Silico Typing
Resource (SISTR) (10), a Salmonella serotype prediction tool that requires assembled
genomes. SISTR uses both antigen identification and core genome MLST (cgMLST)
for serotype prediction. Out of 2,280 genomes analyzed, 55 isolates yielded a
prediction that was discordant with the confirmed NARMS serotype by antigen
identification and 52 isolates by cgMLST, resulting concordances of 97.6% and
97.7%, respectively (Table S1). The final SISTR serotype prediction, a composite of
both results, was incorrect for 47 isolates, giving a concordance of 97.9% (Table S1).
In comparison, SeqSero2 made discordant predictions for 34 isolates by genome
assembly, 30 isolates by allele microassembly, and 82 isolates by raw read k-mer,
giving concordances of 98.5%, 98.7%, and 96.4%, respectively. Among the afore-
mentioned comparisons, serotype prediction based on antigen identification from
genome assemblies is the most direct comparison between the two tools because

FIG 1 The major components and workflows of SeqSero2. Genome assemblies (1) or raw sequencing reads (2) are
inputs for the k-mer-based algorithms for serotype determinants. The microassembly workflow (3) is used for
serotype prediction, new allele identification, and contamination detection.

SeqSero2 for Salmonella Serotyping Using WGS Data Applied and Environmental Microbiology

December 2019 Volume 85 Issue 23 e01746-19 aem.asm.org 3

https://aem.asm.org


that is the only analysis they have in common. SeqSero2 made 38% fewer incorrect
predictions in this comparison (34 versus 55).

Performance comparison between SeqSero2 and SeqSero1 using Illumina
short reads. To compare serotype prediction by SeqSero2 and SeqSero1, we analyzed

FIG 2 Schematic overview of SeqSero2 algorithms. (a) The k-mer-based workflow for raw sequencing reads. (b) The
microassembly workflow.

TABLE 1 Summary of SeqSero2 prediction results using 3 workflows

Prediction result
Raw read
k-mer (no. [%])

Allele
microassembly (no. [%])

Genome
assembly (no. [%])

Expected serotypea 2,198 (96.4%) 2,250 (98.7%) 2,246 (98.5%)
Unexpected serotypeb 73 (3.2%) 19 (0.8%) 23 (1.0%)
Partial or no serotypec 9 (0.4%) 11 (0.5%) 11 (0.5%)
Results of all tests 2,280 2,280 2,280
aThe predicted serotype was consistent with the serotype identified by phenotypic methods.
bThe predicted serotype was inconsistent with the serotype identified by phenotypic methods.
cSome or all of the expected serotype determinants were not detected.
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the same set of Salmonella genomes that was used to evaluate SeqSero1 (9) (see
Materials and Methods). Results from both platforms are summarized in Table 3. The
specific antigens determined for each genome are in Table S2.

For genome assemblies, the overall serotype accuracy (i.e., percentage of ex-
pected serotype prediction, defined as correct identification of all serotype anti-
gens) of SeqSero2 was substantially increased from that of SeqSero1 (94.1% versus
86.5%). Of the 287 genome assemblies with partial or no prediction by SeqSero1,
269 were caused by the failure of in silico PCR to extract fliC or fljB genes (Table S2).
Of this subset of 269 genomes, 256 were correctly serotyped by SeqSero2 using
assemblies. For raw sequencing reads, the accuracy of SeqSero2 was comparable to
that of SeqSero1 (Table 3).

In the initial SeqSero1 analysis (9), some genomes were partially identified, yielding
multiple possible serotype predictions. With SeqSero2, 607 of these 746 genomes were
definitively assigned into 41 distinct serotypes (Table S2). Among the 607 isolates, 236
were distinguished through subspecies identification by SalmID (17), and 37 were
differentiated through O22 and O23 characterization. Another 337 genomes repre-
sented seven serotype pairs from serogroup O8. The two serotypes in each of these
pairs differ only by an O6 antigen. O8 serotypes that differ by only O6 have been shown
to variably express O6 and are genetically indistinguishable (18); they have been
combined in SeqSero2 (Table S3).

The average execution time per genome (see Materials and Methods for details) of
SeqSero2 was �10 s and �2 s for raw reads (k-mer workflow) and draft assemblies,
respectively, compared with about 540 s and about 10 s, respectively, for SeqSero1 (Fig.
3). The microassembly workflow of SeqSero2 for raw read analysis was substantially
faster than the raw read workflow of SeqSero1 as well, averaging about 160 s per
genome.

Accessory tools in microassembly workflow. The microassembly workflow pro-
vides additional information regarding sequence matches to the SeqSero serotype
determinant databases, which can assist in detecting atypical results due to intersero-

TABLE 2 Additional markers for differentiating specific serotypes and variants

Target serotype(s) Marker Description
Reference or
source

S. Paratyphi B pathotypes SNP in STM3356 STM3356 is required for tartrate fermentation; an SNP that inactivates
this gene is found in commonly circulating typhoidal
pathotype strains

Malorny et al. (29)

S. Enteritidis sdf gene sdf is found in commonly circulating strains of S. Enteritidis but not
in S. Gallinarum

Agron et al. (3)

O5� strains of Salmonella
serotype Typhimurium

Deletion in oafA 7-bp deletion in gene responsible for O5� phenotype Hauser et al. (16)

Serogroup O13 serotypes galE Different alleles appear to be markers for ancillary O22 (NCBI
accession no. NZ_LS483489) and O23 (accession no. NZ_CP029041)

This study

TABLE 3 Summary of SeqSero1 and SeqSero2 prediction results

Result

No. of genomes (% of total) for:

Raw reads (CDC strains) Raw reads (GenomeTrakr strains) Genome assemblies

SeqSero2
(k-mer)

SeqSero2
(microassembly) SeqSero1

SeqSero2
(k-mer)

SeqSero2
(microassembly) SeqSero1 SeqSero2 SeqSero1

Expected serotypea 292 (95.1%) 304 (99.0%) 303 (98.7%) 3,014 (94.0%) 3,020 (94.2%) 3,018 (94.1%) 3,305 (94.1%) 3,043 (86.6%)
Unexpected serotypeb 13 (4.2%) 1 (0.3%) 2 (0.7%) 174 (5.4%) 165 (5.1%) 167 (5.2%) 186 (5.3%) 184 (5.2%)
Partial or no serotypec 2 (0.7%) 2 (0.7%) 2 (0.7%) 19 (0.6%) 22 (0.7%) 22 (0.7%) 23 (0.7%) 287 (8.2%)
All results 307 307 307 3,207 3,207 3,207 3,514d 3,514
aThe predicted serotype was considered correct when the serotype antigens detected corresponded to the antigens detected by phenotypic methods.
bNumbers represent serotype predictions inconsistent with the annotated serotype; the accuracy of the annotated serotype is unknown for GenomeTrakr strains and
genome assemblies.

cSome or all of the expected serotype determinants were not detected.
dCDC strains (n � 307) and GenomeTrakr strains (n � 3,207) combined.
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type contamination or to divergent flagellin alleles. Besides serotype prediction, the
microassembly workflow reports all assembled O and H antigen alleles, along with their
sequence similarity scores to alleles in the serotype determinant databases (number of
base matches/length of allele) in order to judge how good the matches are.

A genome contaminated with a second Salmonella serotype might be detected by
the presence of 2 or more O antigen or 3 or more H antigen calls. For a genome
annotated as S. enterica subsp. enterica serotype Stanley (SRA accession no.
SRR1763814, antigenic formula 4:d:1,2), the microassembly analysis reported two
wzx alleles representing O antigens O:7 and O:4, two fliC alleles representing
antigens H:d and H:f,g, and one fljB allele representing antigen H:1,2. The extra O:7
and H:f,g alleles may be due to contamination by a strain with the antigenic formula
7:f,g:�, which corresponds to S. enterica subsp. enterica serotype Rissen. Contam-
ination in SRR1763814 was further supported by phylogenetic analysis (Fig. 4).
SRR1763814 clustered more closely to three serotype Rissen genomes; however, aver-
age SNP distance to the Rissen genomes (15,217 SNPs) was longer than that to three
Stanley genomes (12,900 SNPs). An example of how the SeqSero2 output flags inter-
serotype contamination can be found in File S1.

To further evaluate the possibility of detecting interserotype contamination of
different levels in sequencing data, we simulated contamination by creating pseudos-
amples that contained sequencing reads from different serotypes representing a broad
range of serotype antigens. A total of 500 pseudosamples representing 443 distinct
serotype combinations were created (see Materials and Methods for details). Simulated
contamination was detected in 461 samples (92.2%). In the 39 samples where contam-
ination was not detected, contaminant reads varied from 5% to 25% of the pseudos-
amples, covering the entire range of contamination ratios and showing no apparent
overrepresentation of low ratios (Table S4).

Among the 2,280 NARMS isolates, 861 were determined by the allele microassembly
workflow to have potential interserotype contamination (Table S1), although correct
serotype prediction was still made for 845 isolates. Among the 90 isolates that resulted
in at least one incorrect prediction by any of the three workflows of SeqSero2, 61 were
found to carry potential interserotype contamination.

Potential interserotype contamination was also detected among some genomes,
resulting in discordant serotype predictions between the raw read k-mer and the raw
read microassembly workflows of SeqSero2. Among the 307 CDC strains used previ-
ously for evaluating SeqSero1 (9) and analyzed by both SeqSero1 and SeqSero2 in the
current study (Table 2), 14 were incorrectly predicted by the raw read k-mer workflow

FIG 3 Speed comparison between SeqSero1 and SeqSero2. (a) Comparison of run times for predicting serotypes from raw sequencing reads. Average number
of seconds for analyzing a genome is shown for each workflow. BWA-MEM was used for read mapping for both SeqSero1 and the microassembly workflow
of SeqSero2. (b) Comparison of run times for predicting serotypes from genome assemblies. Average number of seconds for analyzing a genome is shown for
each workflow. Run time was defined as the elapsed real time (wall time) for predicting the serotype of a genome using a single processor.
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but correctly predicted by the raw read microassembly workflow by SeqSero2. Ten of
these 14 genomes had potential interserotype contamination detected by the raw read
microassembly workflow (Table S2).

Misidentification of a flagellin allele by SeqSero2 can occur if a close relative to the
query allele is not present in the database. For example, SeqSero1 and SeqSero2
misidentified the fliC allele as H:l,v in CDC strain 2011K-0215, which had been pheno-
typically identified as serotype II 58:l,z13,z28:z6. The fliC gene from 2011K-0215 gener-
ated by the microassembly workflow was distinct from all other L complex alleles in the
serotype determinant database, including H:l,z13,z28 alleles from subspecies I sero-
types (Fig. 5). The serotype of the strain was correctly predicted after adding the new
allele to the serotype determinant database.

Serotype prediction from nanopore sequencing data. In addition to the afore-
mentioned analyses using Illumina sequencing data, we further tested SeqSero2 with
nanopore sequencing data using 40 genomes of 17 serotypes that were publicly
available (Table S7).

First, we directly analyzed raw nanopore reads without assembly through (i) the
SeqSero2 raw read k-mer workflow and (ii) the SeqSero2 assembly workflow originally
designed for genome assemblies from short sequencing reads, because long nanopore
reads were equivalent to some assembled short-read contigs in length. The allele
microassembly workflow was designed specifically for short reads and was not evalu-
ated. The serotypes for 39 genomes determined by SeqSero2 using both raw reads and
raw reads as an assembly were concordant with annotated serotypes (Table S7). The
only discordant prediction was made for an annotated S. enterica subsp. enterica
serotype Bareilly genome, for which both methods misidentified an H2:1,5 allele as

FIG 4 Phylogenetic analysis based on SNPs of WGS samples with potential and artificial contaminations.
The tree is rooted by an S. enterica subsp. enterica serotype Stanleyville strain as outgroup. Reference
serotype S. Stanley, S. Rissen, and S. Stanleyville genomes are shown by their NCBI accession numbers.
* indicates that a WGS sample was annotated as serotype Stanley but potential contamination from a
serotype Rissen genome was detected. ** indicates that a pseudosample (6.0 Mb) was created by mixing
sequencing reads from a reference serotype Stanley genome (SRA accession no. SRR1582083) and a
reference serotype Rissen genome (SRA accession no. SRR1753839) at a 1:1 ratio. Bar, 5,000 SNPs.
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H2:1,2. These two alleles are known to be similar to each other and are sometimes
difficult to differentiate (9). For comparison, we also tested long nanopore reads as
input for SISTR, even though SISTR requires assembled genomes for analysis. While
nanopore reads were long enough to be analyzed by the genome assembly workflow
of SeqSero2, they were inappropriate for analysis by SISTR, likely due to excessive base
call errors. SISTR’s serotype predictions based on cgMLST were S. enterica subsp.
enterica Choleraesuis for all but one annotated serotype S. Enteritidis genome, for
which no prediction was made. SISTR’s serotype predictions based on antigen identi-
fication were concordant with the annotation for 27 of the 40 genomes (Table S7).

Second, we assembled nanopore reads to correct some base call errors and used the
assembled genomes as input for the SeqSero2 genome assembly workflow and SISTR.
With assembled genomes, all of SeqSero2’s predictions were concordant with annota-
tion. Genome assembly substantially improved SISTR predictions, resulting in 23 results
concordant with the annotation by cgMLST clustering and 36 by antigen identification
(Table S7).

The direct use of nanopore raw reads for the SeqSero2 genome assembly workflow
was substantially faster than any other methods tested. The per-genome turnaround
time by this method varied by the size of sequencing data, ranging from 6 s (126-Mb
raw reads) to 180 s (5,608-Mb raw reads) and averaging 4 s/100 Mb (Table S7). In
comparison, the raw read k-mer workflow of SeqSero2 was about 18 times slower,
averaging 73 s/100 Mb (1.8 to 70 min per genome). SeqSero2 and SISTR predictions by
genome assembly took an average of 117 s/100 Mb (2 to 450 min per genome) just for
the assembly. All of the run time measurements (clock time) were based on processing
with a single core.

DISCUSSION

SeqSero2 represents a major algorithmic transformation for serotype determination.
It uses a k-mer-based approach that unifies serotype determinant identification for
both raw sequencing reads and genome assemblies. This approach replaced SeqSero1’s
cumbersome handling of sequencing reads, which included multiple rounds of read
mapping, and the older serotyping tool’s unreliable in silico PCR amplification of
serotype determinants from draft genome assemblies. This change not only accelerates

FIG 5 Phylogenetic relationship between a new fliC allele (in bold) and alleles of related antigenic types
in the serotype determinant database. Original serotype and NCBI accession number for each allele are
shown in parentheses. Bar, 25 SNPs.
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serotype prediction from all types of WGS data but also improves the prediction for
genome assemblies. SeqSero1 was primarily designed for short sequencing reads and
was not optimized for draft genome assemblies (9). A recent study compared only the
genome assembly workflow of SeqSero1 with other genome assembly-based Salmo-
nella serotype prediction tools (19); it showed that incomplete and inaccurate predic-
tions by SeqSero1 were often caused by suboptimal or failed assembly of serotype
determinant alleles. Similarly, we estimated that the majority of unexpected serotype
predictions from genome assemblies by SeqSero1 were due to failures in extracting
fliC or fljB alleles by in silico PCR (9). Using the k-mer-based approach, both genome
assemblies and sequencing reads are treated in a similar manner regardless of their
length difference. Because of this optimization, the genome assembly workflow of
SeqSero2 is more accurate for serotype prediction and more tolerant of low-quality
genome assemblies compared to that of SeqSero1.

SeqSero2 predicts serotypes in a matter of seconds directly from short raw sequenc-
ing reads, whereas de novo genome assembly, a prerequisite for other serotype
prediction tools and methods (1, 10), takes 60 to 240 min per genome under the same
computational conditions (a single core). Accurate serotype predictions can be ob-
tained by SeqSero2 almost instantaneously after sequencing runs. This efficiency not
only allows substantial time saving for processing large amounts of genomes but also
helps smaller projects with limited computational resources by bypassing genome
assembly if not otherwise needed.

The k-mer workflow for raw sequencing reads employs subsampling of sequencing
reads to achieve superior speeds of analysis. Allele matching is based on k-mer
similarity of the subsampled reads and alleles in the serotype determinant database
(see Materials and Methods). Compared with the microassembly workflow, in which
antigen sequences assembled from a query genome are directly aligned to alleles in the
serotype determinant database, k-mer matching appears to be less robust when it
comes to atypical alleles or serotype contamination in query genomes due to its higher
sensitivity to allelic divergence. This algorithmic difference likely accounted for the
higher serotype prediction accuracy by the microassembly workflow observed in this
study.

Sample contamination detection using the microassembly workflow is a good
quality control tool for both in-house sequencing and public data sourcing. Sample
contamination can occur during culturing, DNA extraction and preparation, or sequenc-
ing. WGS is typically performed in a multiplex format in which multiple isolates are
sequenced together. Mixed DNA from different samples has been identified as the
predominant source of errors for postsequencing detection of sequence variants (20).
Our analysis of 3,514 publicly available Salmonella genomes suggests that 3% of them
may have potential interserotype contamination. We recommend contamination
screening for sequenced and downloaded Salmonella genomes prior to using the
genomes. It should be noted that SeqSero2 will not detect contamination from the
same serotype or from a non-Salmonella organism. Also, contamination detection
requires the presence of serotype determinant sequences, e.g., rfb, fliC, or fljB, from the
contaminant genome. At low levels of contamination, such reads may be absent.

Unlike other Salmonella serotype prediction tools that consult surrogate markers,
such as phylogenetic clustering with a reference genome in SISTR, to achieve or
improve serotype identification (1, 10), SeqSero1’s design of only interrogating anti-
genic determinants of serotype contributes to the ambiguity in serotype identification
(19). Specifically, in some cases, multiple-serotype predictions are generated by Seq-
Sero1 for one query genome because the particular O and H antigen combination may
indicate serotypes that belong to different subspecies or serotypes that require addi-
tional characterization for full identification. Lack of definitive serotype assignment in
such cases has been substantially alleviated by SeqSero2 through the addition of an
identification tool (SalmID) and additional targets that differentiate certain variants.

Horizontal gene transfer is common in Salmonella (21); this transfer includes sero-
type determinants and can result in distinct linages having the same complement of
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serotype antigens or, conversely, in the same lineage having two different “serotypes”
(22, 23). In such cases, relying on or incorporating phylogenetic markers for serotype
identification may cause results inconsistent with the classic, phenotypic definition of
Salmonella serotype. SeqSero2 adheres to the genetic determinants for the phenotypic
markers of Salmonella serotypes. By targeting these determinants, SeqSero2 provides
continuity with historical data sets based on serotype and facilitates communication
using our serotype-based understanding of Salmonella epidemiology.

Further evidence that targeting serotype determinants alone without consulting
surrogate markers is robust enough for serotype prediction came from the comparison
between SeqSero2 and SISTR, as the latter tool resorts to phylogenetic markers
(cgMLST) in addition to serotype determinants. The overall performances of SeqSero2
and SISTR were similar to each other.

Nanopore sequencing has been preliminarily investigated for Salmonella serotype
prediction and SNP subtyping (24). It is advantageous for generating long sequencing
reads and supporting real-time data analysis but is limited by its higher base call error
rates than those of Illumina sequencing platforms (24). We demonstrated that SeqSero2
has potential for accurate and rapid serotype prediction directly from nanopore se-
quencing reads without genome assembly. This capability was enabled by SeqSero2’s
k-mer-based algorithm, which takes advantage of both long nanopore reads as if they
were assemblies from short reads and the algorithm’s tolerance of base call errors.
Without base call correction by genome assembly, such errors hindered cgMLST
analysis in SISTR, causing no correct serotype prediction by cgMLST clustering. Similarly,
the base call errors were excessive for antigen identification by SISTR, leading to at least
one incorrect antigen call in 32.5% of the tested genomes. In comparison, SeqSero2’s
performance was mostly unaffected by these error-prone reads even without genome
assembly (correct serotype prediction for 39 of the 40 genomes), which is particularly
promising for supporting real-time Salmonella characterization through nanopore se-
quencing.

MATERIALS AND METHODS
Genomes. Two data sets were used to analyze SeqSero2 (v1.0.2) performance on short sequencing

reads. (i) Genomes from 2,280 strains submitted to CDC NARMS in 2015 were used to assess overall
performance (Table S1). NARMS performs surveillance for antimicrobial resistance in Salmonella (https://
www.cdc.gov/narms/index.html); every 20th isolate, along with serotype information, is submitted by
state and local health departments. Since all strains are in our collection, we also investigated and
arbitrated discordant results between SeqSero2 and the state-submitted serotype. (ii) Genomes that had
been used to test SeqSero1 (9) were used to evaluate the accuracy and speed of SeqSero2 in comparison
to SeqSero1 (Table S2). To test SeqSero2 on long nanopore reads, a total of 40 nanopore-sequenced
genomes of 17 serotypes were downloaded from NCBI and analyzed (Table S7). This set included all of
the nanopore-sequenced Salmonella genomes with a sequencing coverage over 25� that were available
from NCBI at the time of this study.

Genome sequencing and assembly. Strains were sequenced on the MiSeq and HiSeq platforms
using procedures previously described (25). De novo assembly from raw sequencing reads was performed
for all genomes using SPAdes (26). Nanopore-sequenced genomes were assembled by using minimap2
and miniasm (27), followed by an error correction step using Racon (28).

Microbial identification. Microbial identification from a query genome was determined using the
open access software tool SalmID (github.com/hcdenbakker/SalmID). SalmID uses a k-mer approach to
differentiate Salmonella species and subspecies based on invA and rpoB. It was validated using 132 strains
representing all Salmonella species and subspecies (Table S5).

Additional markers. Additional markers were used to differentiate certain serotypes, pathotypes,
and variants of particular serotypes (Table 2). (i) Two pathotypes of serotype Paratyphi B have been
described, a gastrointestinal pathotype and a typhoidal pathotype (29); we targeted an SNP associated
with the inability to ferment tartrate in the typhoidal pathotype in order to differentiate the pathotypes
(29). (ii) S. enterica subsp. enterica serotype Gallinarm is a nonmotile, bird-adapted serotype that is rare
in the United States. It possesses a nonexpressed fliC allele (g,m) that makes it indistinguishable from
serotype Enteritidis using genetic methods for serotype determination. We used sdf (3) to identify
commonly circulating strains of serotype Enteritidis. (iii) oafA encodes an acetyltransferase that is
responsible for ancillary O antigen 5 in some group O4 serotypes; a 7-bp deletion inactivates this gene
in many serotype Typhimurium strains, resulting in an O5� phenotype (16). We targeted this marker to
detect strains carrying the 7-bp deletion since it is a useful epidemiologic marker (16). It is important to
note that this marker identifies only some phenotypically O5� strains; no conclusions can be drawn
about O5 status if it is not detected. (iv) Serotypes within group O13 are differentiated by ancillary
antigens O22 and O23. Differences in galE (UDP-galactose 4-epimerase) between O22-positive (O22�)
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and O23� rfb regions (GenBank accession no. NZ_LS483489 and NZ_CP029041) were targeted to
differentiate O22� and O23� serotypes.

k-mer-based serotype prediction from raw sequencing reads and genome assemblies. A k-mer-
based workflow was developed for serotype prediction directly from raw sequencing reads (Figure 2a).
Specifically, unique short sequences (i.e., k-mers; k � 27 bases by default) were derived from each allele
in the serotype determinant (wzx and wzy genes for O antigen; fliC and fljB genes for H antigen) database
(Table S6). These k-mers formed a new serotype determinant database (Kd) in which a particular serotype
determinant allele (i) was represented by a set of k-mers (Kdi). Sequencing reads were subsampled from
a query genome by collecting reads whose middle k-mer matched any sequence in the k-mer-based
serotype determinant database. The subsampling, similar to that of StringMLST (30), continued until the
total length of sampled reads reached a default threshold of 4,000,000 bases. Subsampled reads were
converted into a set of k-mers to represent the input genome (Kg). A similarity score (Si) for a particular
serotype determinant allele (i) was calculated using the following formula:

Si � N(Kg � Kdi) ⁄ N�Kdi�

where the function N enumerates k-mers in a k-mer set. The type of O or H antigen of the query genome
was determined by the type of the corresponding allele that yielded the highest similarity score. The final
serotype of the query genome was called by consulting the White-Kauffmann-Le Minor scheme (5, 6).

A similar k-mer-based workflow was developed for rapid serotype prediction from genome assem-
blies. Each contig of a genome assembly was converted into pseudoreads by breaking the contig into
tandemly contiguous substrings with a default length of 60 bases. The rest of the workflow overlapped
with that of the sequencing reads, as previously described, by treating the substrings as pseudoreads.

Microassembly of serotype determinants for serotype determination. A schematic of the mi-
croassembly approach is presented in Fig. 2b. The microassembly workflow assembles serotype deter-
minants, i.e., wzx and wzy for O antigen identification and fliC and fljB for H antigen identification. All
sequencing reads from a query genome were mapped to the serotype determinant database using
BWA-MEM (31). Reads that had been mapped to alleles in the database were extracted and assembled
by SPAdes (26). The resulting contigs were then aligned back to the serotype determinant database by
BLAST (32). The type of O or H antigen of the query genome was determined by the type of the
corresponding allele that yielded the highest BLAST similarity. The final serotype of the query genome
was called by consulting the White-Kauffmann-Le Minor scheme.

Speed comparison between SeqSero1 and SeqSero2. The speeds of SeqSero2 and SeqSero1 were
compared by recording their respective run times in analyzing the 307 Salmonella genomes sequenced
by the CDC (9) under the same computational conditions, including a single processing core. Run time
was defined as the elapsed real time (wall time) for predicting the serotype of a genome using a single
processor.

Contamination detection. The microassembly workflow for serotype prediction was also used to
detect potential interserotype contamination in WGS data. Potential contamination is indicated when
more than one O antigen allele or more than two H antigen alleles were assembled from a WGS sample.

Simulation of interserotype contamination. WGS samples with simulated interserotype contam-
ination were created by combining two genomes (G1 and G2) of different serotypes from the set of 307
genomes sequenced by the CDC (9). For each pair of genomes, G2 was designated the contaminant.
Sequencing reads from G2 replaced 5% to 25% of G1 reads to create the pseudosample. Sequencing
reads involved in the replacement were randomly sampled from the two genomes. Less than 2%
contamination may occur in Illumina sequencing data due to index misassignment or index hopping
(33).

Serotype prediction by SISTR. SISTR command line tool v1.0.2 (github.com/phac-nml/sistr_cmd)
was used to analyze genome assemblies of 2,280 Illumina-sequenced genomes in the NARMS data set
and raw reads and genome assemblies of 40 nanopore-sequenced genomes.

Phylogenetic analysis. Phylogenetic analysis of genomes was performed by Parsnp (34). Compar-
ison and phylogenetic clustering of fliC and fljB alleles was performed by Molecular Evolutionary Genetics
Analysis version 7.0 (MEGA7) (35).
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