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Abstract

Background: Bacteria belonging to the genus Haemophilus cause a wide range of diseases in humans. Recently, H.
influenzae was classified by the WHO as priority pathogen due to the wide spread of ampicillin resistant strains. How-
ever, other Haemophilus spp. are often misclassified as H. influenzae. Therefore, we established an accurate and rapid
whole genome sequencing (WGS) based classification and serotyping algorithm and combined it with the detection
of resistance genes.

Methods: A gene presence/absence-based classification algorithm was developed, which employs the open-source
gene-detection tool SRST2 and a new classification database comprising 36 genes, including capsule loci for serotyp-
ing. These genes were identified using a comparative genome analysis of 215 strains belonging to ten human-related
Haemophilus (sub)species (training dataset). The algorithm was evaluated on 1329 public short read datasets (evalua-
tion dataset) and used to reclassify 262 clinical Haemophilus spp. isolates from 250 patients (German cohort). In addi-

tion, the presence of antibiotic resistance genes within the German dataset was evaluated with SRST2 and correlated

with results of traditional phenotyping assays.

Results: The newly developed algorithm can differentiate between clinically relevant Haemophilus species including,
but not limited to, H. influenzae, H. haemolyticus, and H. parainfluenzae. It can also identify putative haemin-independ-
ent H. haemolyticus strains and determine the serotype of typeable Haemophilus strains. The algorithm performed
excellently in the evaluation dataset (99.6% concordance with reported species classification and 99.5% with reported
serotype) and revealed several misclassifications. Additionally, 83 out of 262 (31.7%) suspected H. influenzae strains
from the German cohort were in fact H. haemolyticus strains, some of which associated with mouth abscesses and
lower respiratory tract infections.
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Resistance genes were detected in 16 out of 262 datasets from the German cohort. Prediction of ampicillin resistance,
associated with blag.1p, and tetracycline resistance, associated with tetB, correlated well with available phenotypic

data.

Conclusions: Our new classification database and algorithm have the potential to improve diagnosis and surveil-
lance of Haemophilus spp. and can easily be coupled with other public genotyping and antimicrobial resistance data-
bases. Our data also point towards a possible pathogenic role of H. haemolyticus strains, which needs to be further

investigated.

Keywords: Whole genome sequencing, Haemophilus, H. influenzae, H. haemolyticus, Pangenome-wide association
study, Identification, Molecular differentiation, Antibiotic resistance, Precision medicine

Background

Members of the genus Haemophilus are small, pleomor-
phic gammaproteobacteria that are characterized by
their dependency on the blood factors haemin (X-fac-
tor) and/or nicotinamide adenine dinucleotide (V-fac-
tor) for growth [1, 2]. The genus Haemophilus includes
10 (sub)species that exclusively or predominantly colo-
nize and infect humans [3]. Bacteria belonging to the
species H. influenzae are commonly found as commen-
sal in the human nasopharynx but can also be patho-
genic, especially for susceptible populations such as
premature infants, elderly adults, and people with com-
promised immune systems [4, 5]. In particular, H. influ-
enzae serotype b (Hib) strains were one of the major
causes of bacterial meningitis in children worldwide
until the introduction of an effective conjugate vaccine
[6, 7]. Since then, non-typeable (i.e., non-encapsulated)
H. influenzae (NTHI) strains have become the most
common cause of H. influenzae related invasive disease,
exacerbations of chronic obstructive pulmonary disease
and localized infections such as otitis media, pneumo-
nia, sinusitis, bronchitis, and conjunctivitis [4, 8, 9].
Furthermore, the global expansion of ampicillin resist-
ant H. influenzae strains led to the WHO classification
of a priority pathogen for research and development of
new antibiotics [10]. Other species, such as H. haemo-
lyticus and H. parainfluenzae have been considered as
harmless respiratory tract commensals; however, evi-
dence is accumulating that also strains of these species
should be considered as opportunistic pathogens with
the potential of causing a wide range of infections [8,
11, 12]. Also H. para(phro)haemolyticus, H. pittmaniae,
and H. sputorum have been linked to different diseases
but are less frequently detected [13, 14]. Other Haemo-
philus (sub)species include H. (haemolyticus) quentini
strains, a urogenital pathogen, H. (influenzae) aegyp-
tius strains causing conjunctivitis and Brazilian purpu-
ric fever [3, 15-17], and H. ducreyi strains, a causative
agent of genital chancre and chronic skin ulceration [8,
18]. The classification of H. paraphrohaemolyticus, H.
aegyptius, and H. quentini, which are closely related to

H. parahaemolyticus, H. influenzae, and H. haemolyti-
cus, respectively, as separate species is still under debate
(3, 15, 19, 20].

The diversity in pathogenicity of Haemophilus spp.
strains and related disease types underlines the need for
exact taxonomic differentiation of clinical Haemophilus
strains. Current gold-standard methods, i.e., bacterial
culture, PCR, and mass spectrometry, are challenged
by similarities of genetic and phenotypic characteristics
among Haemophilus spp. This is especially problem-
atic for H. haemolyticus, which is often misclassified
as H. influenzae or H. parainfluenzae [3, 21-24]. The
consequences of taxonomic misclassifications are pro-
found and affect disease diagnosis, antibiotic therapy,
and evaluation of treatment efficacies [21]. In addition,
misclassification biases prevalence estimations, hinders
vaccine development, and masks the potential patho-
genic effect of different Haemophilus spp. that are cur-
rently mainly considered as benign commensals. Over
the past decades, whole genome sequencing (WGS) has
become widely adopted for the analysis of pathogens
due to its unprecedented discriminatory power and
increased cost-efficiency. However, currently available
WGS-based classification tools are not tailored towards
the identification of (all) human-related Haemophilus
species, do not provide subspecies/serotyping infor-
mation, have large memory requirements, and/or are
time-consuming.

To address this problem, we established a curated
classification database and algorithm for the rapid iden-
tification of clinical human-related Haemophilus spp.
direct from short read sequencing data. We evaluated
the performance of this algorithm using both in silico
generated and real WGS datasets downloaded from
public repositories. Lastly, we used this algorithm in
combination with in silico resistance prediction to
resolve misclassifications and determine the horizon-
tally acquired resistome of clinical isolates from a Ger-
man cohort.
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Methods

Strain collection

The number of datasets used for each species in the
training, evaluation, and German cohort dataset are
summarized in Additional file 1: Table S1.

Training dataset: Publicly available genome assemblies
(n=215)

The training dataset consists of whole genome data from
all human-related Haemophilus spp. reported to date
[3, 25]. All completed genomes of H. influenzae (n=68)
and all H. haemolyticus genomes (n=61, including 4
complete, 3 scaffold, and 57 contig level assemblies) that
were available on September 22, 2020 were downloaded
from the National Center for Biotechnology Information
(NCBI)/RefSeq Assembly database [26] (Additional file 2:
Table S2). In addition, all available assembled genomes of
H. parainfluenzae (n=41), Haemophilus ducreyi (n=17),
Haemophilus aegyptius (n=>5), Haemophilus parahaemo-
lyticus (n=8), Haemophilus paraphrohaemolyticus (n=4),
Haemophilus pittmaniae (n=3), Haemophilus quen-
tini (n=3), and Haemophilus sputorum (n=>5) were also
downloaded from RefSeq. Reads for these 215 assemblies
were simulated using dwgsim [27] with a mean coverage
depth of 100 and read length of 251 bp and the following
parameters: -d 500 -s 50 -r 0 -F 0 -R0 -X 0 -y 0.

Evaluation dataset: Publicly available sequencing data
(n=1329)

All paired-end Illumina datasets (with two fastQ files per
strain) that were available on November 12, 2020 and
annotated as H. influenzae, H. haemolyticus, H. ducreyi,
H. parainfluenzae, H. parahaemolyticus, H. paraphro-
haemolyticus, H. pittmaniae, or H. sputorum were down-
loaded from the sequence read archive (SRA) (n=1323)
[28]. In addition, all H. parainfluenzae datasets from bio-
project PRJEB37651 (n=51) and all available Ion Torrent
datasets (one fastQ file per strain) from Haemophilus
spp. that were available on July 27, 2021, were down-
loaded from SRA (n=100 H. influenzae datasets). All
datasets with estimated mean coverage depth below 15
(using the median genome length reported at the NCBI
website [29]) were removed (n=19). Transformants cre-
ated in the lab (PRJNA308311, #=35) and strains with the
same sample name (n=38) were also removed. Finally,
read datasets that corresponded to an assembly already
included in the training dataset (and thus had the same
biosample number) (n=48) or for which we could not
retrieve an assembly (n=>5; Only Ion Torrent data) were
also excluded. Unfortunately, all available H. sputorum
and H. parahaemolyticus datasets were filtered out using
these selection criteria, leaving no datasets left to analyze
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for these two species. The only three available datasets
of Haemophilus pittmaniae could also not be used due
to low quality (>83% unidentified reads according to the
NCBI taxonomy analysis tool). In total, 1329 Haemo-
philus datasets remained and constituted the “evalua-
tion dataset” (1060 H. influenzae, 124 H. haemolyticus,
140 H. parainfluenzae, 2 H. paraphrohaemolyticus, and
3 H. ducreyi datasets—reported species classification at
SRA) (Additional file 1: Table S1 and Additional file 2:
Table S2).

German cohort dataset: bacterial isolates from patients
hospitalized in Germany (n=262)

Between April 2008 and April 2013, different specimen
types were collected from 250 in- and outpatients of the
University Hospital Schleswig-Holstein, Medical Clinic
Borstel and Wismar. These included blood, eye smears,
wound smears, and tracheostomal samples, as well as
upper respiratory tract (pharyngeal suction/smear, nose
smear, and tonsillar smear) and lower respiratory tract
specimens (sputum, tracheobronchial aspirates, bron-
chial secretion, and bronchoalveolar lavage) (Additional
file 3: Table S3). The samples were taken from routine
diagnostics for which the ethical vote allowed us to col-
lect certain clinical and patient-related information on a
retrospective level. The reason for the collection of the
samples was based on the diagnostic workflow of the
respective physicians with regard to the individual clini-
cal symptoms and additional laboratory parameters of
the patients. The patients were not included in previous
studies.

Phenotypic and molecular analysis of the German cohort

Chocolate agar plates were inoculated and incubated at
35-37°C and 5% CO, and evaluated for growth after 24h
and 48h. For samples that are not considered primarily
sterile (e.g., respiratory specimens), oleandomycin discs
were used to suppress bacteria other than Haemophi-
lus spp. strains. Single colonies (morphologically) sug-
gestive of Haemophilus were picked for processing (i.e.,
further isolation to receive a subculture or identification)
and subsequent freezing. In total, 262 Haemophilus iso-
lates were obtained and identified at time of diagnosis
(2008-2013) as H. influenzae by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) (Bruker MALDI Biotyper®, Ger-
many). We also reanalyzed several strains that were still
viable by current MALDI-TOF equipment (Bruker Bio-
typer® sirius System with Flex Control 3.4 software).
Measuring and classification were performed using MBT
compass software 4.1 equipped with MBT IVD library
(BuildV9.0, extension V1.0). All isolates were reculti-
vated for 24h on chocolate agar plates before extraction



Diricks et al. Genome Medicine (2022) 14:13

of genomic DNA using Qiagen Genomic-tip 100/G.
DNA was sequenced in 2013 with the Illumina Miseq
benchtop sequencer using 251 bp paired-end reads and
Nextera XT library preparation kit according to the
manufacturer’s instructions (Illumina, USA). All datasets
had a minimum mean coverage depth of at least 50-fold.
Quality control of the WGS data and primary taxonomic
analysis was performed using fastQC [30] and kraken2
[31] with a standard database (downloaded on June 09,
2020) and a minimum base quality requirement of 15,
respectively. Haemin-dependency was checked pheno-
typically by growing the isolates at MacFarland 0.5 in the
presence of MAST®Discs ID X&V (MAST Diagnostica,
Germany) for 24h at 37°C. Antimicrobial susceptibility
tests were performed using minimal inhibitory concen-
tration (MIC) test strips (bestbion, Germany) for ampi-
cillin (B-lactam antibiotic), ampicillin-sulbactam (4 pg/
mL) (B-lactam antibiotic + p-lactamase inhibitor), ceftri-
axone (pB-lactamase stable cephalosporin antibiotic), and
tetracycline following the application guide provided by
the manufacturer. All results were interpreted according
to the guidelines and clinical breakpoints of the Euro-
pean Committee on Antimicrobial Susceptibility Testing
(EUCAST, v11.0 [32]) (only available for H. influenzae).
BBL Cefinase " discs (Becton, Dickinson and Company,
USA) were used for the detection of B-lactamase activity.

Bioinformatic analysis

Assembly and annotation

Assemblies for Illumina sequencing data were made
using shovill v1.1.0 [33] with trimming and downsam-
pling to 100x coverage where applicable and using
SPAdes v.3.14.0 [34] without read error correction as
the assembly algorithm. If SPAdes failed to produce an
assembly, SKESA v.2.3.0 [35] was used instead (Addi-
tional file 2: Table S2 and Additional file 3: Table S3).

For Ion Torrent data, assemblies were made using
shovill-se v1.1.0 [36] with trimming and downsampling
to 100x coverage were applicable and using SPAdes as the
assembly algorithm (Additional file 2: Table S2).

Prokka v1.14.6 [37] was used to (re)annotate all assem-
blies using a minimum contig length of 200 and Haemo-
philus as genus.

Pangenome-wide association study

The H. influenzae and H. haemolyticus genomes (n=129)
from the training dataset were re-annotated by prokka
and used as input for the pangenome calculation tool
Roary v.3.13.0 [38]. Default parameters were used, except
for blastP identity that was set at 60% instead of 95% to
prevent over-splitting [39]. The optional -s parameter of
Roary was used to prevent the split of paralogues into
different orthologues clusters. This was done because
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SRST2 [40] is also not able to make the distinction
between paralogues and orthologues.

Phylogenetic analysis

Core gene alignments were performed with Roary
v.3.13.0 [38] (default parameters, except for 60% blastP
identity) using PRANK (with MAFFT) and considering
only gene sequences that were present in more than 90%
of the strains. FastTree v2.1.9 [41] was used to calculate
approximately-maximum-likelihood phylogenetic trees
based on these core gene alignments. The trees were
midpoint rooted using Figtree v1.4.4 [42] and visualized
using iTOL v6.1.2 [43]. Additional annotation was added
using inkscape [44].

Reference databases

Taxonomic classification database The new taxo-
nomic classification database that was developed in this
study comprises 74 alleles for 36 marker genes, including
genes for serotyping, and is freely available as a SRST2-
compatible multi-fasta file on Github (project name Hae-
moSeq, https://github.com/ngs-fzb/HaemoSeq) [45].
Details about the marker genes/alleles are summarized
in Additional file 4: Table S4. The nucleotide sequences
of the marker genes for (sub)species classification were
extracted from publicly available genomes using BioNu-
merics v7.6. For region I and III capsule genes, the alleles
from H. influenzae serotype f strain KR494 were used [46]
as well as those from a H. influenzae serotype c strain to
take into account the sequence divergence between the
two big serotype subclades described previously [47]. For
region II capsule genes of typeable H. influenzae strains,
the six concatenated sequences (acs, bcs, ccs, dcs, ecs, and
fes) included in the seq_typing repository [48] were used
as references. Lastly, region II alleles for the three main
serotypes of H. sputorum and H. parainfluenzae [25] were
extracted from two publicly available genomes (HSPU-1
from AFNKO1 and HSPU-2 from QEPNO1) or a SPAdes
assembly (HPAR-1) and included in the database. As
HPAR-2 is very closely related to HSPU-2 [25], this was
not included as separate allele.

Resistance database The public resistance database
ARGannot_r3 (last update October 27, 2018) was down-
loaded from the SRST2 repository [49]. This database
contains 557 resistance genes for 12 antibiotic classes.

Multi-locus sequence typing (MLST) database A refer-
ence database with MLST alleles and a file which defines
the sequence type profiles as a combination of alleles were
downloaded from pubMLST on July 25, 2020, using the
getmlst.py script included in the SRST2 github repository
[49].
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Gene detection and implementation of decision algorithm
The presence of specific genes in the genomes of bacte-
rial strains was evaluated directly from raw reads using
the mapping-based gene detection tool SRST2 v0.2.0
[49]. Reference databases described above and read sets
(fastQ files) were used as input. Briefly, the software
package SRST2 aligns the reads to each of the reference
alleles included in the database and computes alignment
scores, percentage coverage breadth, coverage depth,
divergence, and mismatches [40]. The maximum num-
ber of mismatches allowed during mapping was set at 50
instead of the default value of 10. A gene was considered
present if a homologue was found with a divergence of
maximum 15% (instead of the default value of 10%) and
a minimum coverage of 90% towards one of the alleles
from the reference database. Deviation from the default
SRST2 parameter values was necessary to successfully
detect marker, haemin biosynthesis, and capsule genes
in a genetically diverse dataset of Haemophilus strains
and was optimized to allow for accurate species/serotype
identification. In-house developed bash scripts were used
to apply SRST2 v0.2.0 [49] on multiple datasets in paral-
lel (to reduce calculation time) and to output additional
text files reporting the detected (sub)species and sero-
type (based on the decision algorithm developed in this
study) as well as annotation files to plot the presence of
genes/species/serotype on a phylogenetic tree visualized
with iTOL v6.1.2 [50]. All scripts are freely available at
github (https://github.com/ngs-fzb/HaemoSeq) [45]. The
scripts were run on an Ubuntu 12.04 server with Intel®
Xeon® processor E5-2650 v4 @ 2.2 GHz and 48 GB of
RAM available.

In silico serotyping

In silico serotyping was performed in two ways: (i) start-
ing from raw sequencing reads using SRST2 and the
decision algorithm developed in this study (see previous
section) (script available at github under project name

Table 1 Selected H. influenzae and H. haemolyticus marker genes
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HaemoSeq, https://github.com/ngs-fzb/HaemoSeq [45])
and (ii) starting from assemblies using Hicap v1.0.3 with
default values. Hicap was developed specifically for H.
influenzae strains and does not evaluate region II genes
from other Haemophilus spp. [46].

Results

Differentiation between H. influenzae and H. haemolyticus
strains

Misclassifications of H. haemolyticus strains as H. influ-
enzae are clinically the most relevant [3, 21-24]. There-
fore, we first employed a pangenome-wide association
study (panGWAS) using all (n=61) publicly available H.
haemolyticus genome assemblies and all (#=68) publicly
available fully closed H. influenzae genomes (Additional
file 1: Table S1 and Additional file 2: Table S2), to identify
new marker genes that specifically discriminate between
these two species. Eighteen genes were present in all H.
influenzae genomes and absent from all H. haemolyticus
genomes while 43 genes were present in all H. haemolyti-
cus genomes but in none of the H. influenzae genomes
(Additional file 5: Table S5).

Classification based on only one marker gene has
proven to be unsuccessful to distinguish H. influenzae
from H. haemolyticus [21-23, 51, 52]. However, to reduce
complexity and computation time, we chose only five
out of 18 marker genes for H. influenzae and five out of
43 marker genes for H. haemolyticus as taxonomic clas-
sifiers for our new classification database (Table 1). The
selection criteria were (i) genes with a sequence length
as short as possible, but above 500 bp, (ii) genes with a
fixed sequence length across strains of the training data-
set, and (iii) only one gene per genomic cluster/operon or
metabolic pathway to minimize the impact of large dele-
tions/insertions (Additional file 6: Fig. S1).

Next, we extracted the corresponding DNA sequence
(“reference allele”) of these ten genes from a H. influ-
enzae and H. haemolyticus genome (Additional file 4:

Gene name Marker for Average size (bp) Annotation (protein product)

dat H. influenzae 1365 Diaminobutyrate--2-oxoglutarate aminotransferase
hxuB H. influenzae 1659 Heme/hemopexin transporter protein

oppC H. influenzae 936 Oligopeptide transport system permease protein
pdxT H. influenzae 579 Pyridoxal 5'-phosphate synthase subunit

phoB H. influenzae 696 Phosphate regulon transcriptional regulatory protein
fkiIB H. haemolyticus 624 FKBP-type 22 kDa peptidyl-prolyl cis-trans isomerase
hypD H. haemolyticus 1113 Hydrogenase maturation factor

ndhl (nuol) H. haemolyticus 576 NAD(P)H-quinone oxidoreductase subunit |

resA H. haemolyticus 483 Thiol-disulfide oxidoreductase

tod H. haemolyticus 522

34 kDa membrane antigen
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Table S4) and combined them into a SRST2 compatible
reference database [40]. The ability to detect these genes
direct from raw reads was evaluated using simulated read
datasets from our training dataset (Fig. 1). We consid-
ered genes as “present” if a sequence was detected with
a nucleotide identity of at least 85% (corresponding to
a maximum divergence of 15%) and a coverage breadth
of at least 90% in comparison to a reference allele. As
a result, severely truncated genes or highly diverged
homologs are regarded as “absent”

All five H. haemolyticus marker genes were identified
with SRST2 among all the H. haemolyticus strains includ-
ing phylogenetically related strains previously termed H.
quentini, and no hits were detected among H. influenzae
strains (Fig. 1A). Likewise, all five H. influenzae marker
genes were identified in all H. influenzae strains, includ-
ing closely related H. aegyptius strains, while there were
no hits among H. haemolyticus strains. Several H. haemo-
lyticus and H. influenzae marker genes were also detected
in other Haemophilus spp. but not more than three per
strain (Fig. 1A).

Differentiation of other Haemophilus (sub)species

The limited number of publicly available WGS data for
Haemophilus spp. strains other than H. haemolyticus
and H. influenzae discouraged the use of a panGWAS
approach to find additional species-specific marker
genes. Instead, we added a reference allele of the haemin
biosynthesis loci from a H. parainfluenzae (hem*-Hpl),
H. parahaemolyticus (hem*-HpH), H. sputorum (hem?*-
HS), H. pittmaniae (hem*HP), and H. haemolyticus
(hem*-HH) genome to our classification database (Addi-
tional file 4: Table S4).

Although multiple Haemophilus spp. possess the
haemin loci, we could restrict the valid hits (i.e., the
alleles considered as present) exclusively to the refer-
ence alleles from the species the strain belonged to by
employing conservative gene coverage and nucleotide
identity thresholds (sequence divergence <15% and
sequence coverage breadth >90%) (Fig. 1B). An excep-
tion was hemB, which did not show enough sequence
divergence between H. parainfluenzae and H. pittma-
niae strains, leading to the detection of both reference
alleles (hemB-HP and hemB-Hpl) for strains from both
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species (Fig. 1B). In addition, close homologs to the H.
parahaemolyticus haemin reference genes (hem*-HpH)
were also found in all H. paraphrohaemolyticus strains
(Fig. 1B).

Haemin loci were only detected in H. haemolyticus
subsp. intermedius strains that were reported to be hae-
min independent [53] (Fig. 1B and Additional file 2:
Table S2).

To be able to differentiate between H. paraphrohaemo-
lyticus (B-galactosidase positive) and H. parahaemolyti-
cus (B-galactosidase negative), we added a 3-galactosidase
reference gene (lacZ) from a H. paraphrohaemolyticus
strain to our classification database (Fig. 1C and Addi-
tional file 4: Table S4).

Finally, as Haemophilus ducreyi strains are lacking
haemin biosynthesis genes, we included the gene nadV
in our classification database, which is related to the H.
ducreyi characteristic of V factor independency [3]. We
exclusively found the nadV allele in H. ducreyi genomes
from our training dataset and in none of the other Hae-
mophilus spp. (Fig. 1D).

Detection of capsule loci

We then evaluated whether we could detect capsule loci
direct from raw sequence data in order to determine the
serotype of Haemophilus spp. strains. To this end, we
added reference alleles of region I (bexA/B/C/D), region
II (determines the serotype), and region III (hcsA/B) of
three Haemophilus spp. to our classification database (see
the “Methods” section and Additional file 4: Table S4). In
the training dataset, the predicted presence/absence of
capsule loci was in agreement with the reported sero-
types (available from literature for H. influenzae and H.
sputorum) and with the assembly-based in silico pre-
dictions from Hicap (limited to H. influenzae strains)
(Fig. 1E and Additional file 2: Table S2).

Implementation of a decision algorithm for species
classification and serotyping

Based on the analysis of the training dataset, we con-
cluded the design of the taxonomic classification data-
base, finally comprising 36 marker genes (Fig. 2). Next,
we developed a gene presence/absence-based decision
algorithm and combined it with the gene detection algo-
rithm in a simple bash script. According to our decision

(See figure on next page.)

Fig. 1 Presence and absence of marker genes in the training dataset. The phylogenetic tree is based on the alignment of 455 core genes (present
in at least 90% of the strains) inferred from 215 whole genome sequencing datasets of human-related Haemophilus spp. A Presence/absence

of marker genes that specifically discriminate between H. haemolyticus and H. influenzae. B Presence/Absence of haemin biosynthesis genes
(hem*), which are colored according to the species identity of the reference alleles for which a valid hit was found. C Presence/absence of lacZ, a
-galactosidase gene that differentiates between H. parahaemolyticus and H. paraphrohaemolyticus. D Presence/absence of nadV, which is related
to the H. ducreyi characteristic V factor independency. E Presence/absence of Region I (bex*), region Il and region Il (hcs*) capsule loci (in silico
serotyping). All annotated Haemophilus spp. clades were separated with a strong local support value (100%)
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algorithm, strains are identified as H. influenzae or H.
haemolyticus when at least four out of five marker genes
of the respective species are detected. We allowed one
missing gene to compensate for potential gene loss events
or a sequencing artifact. Likewise, the presence of at least
seven out of eight haemin biosynthesis alleles (exclud-
ing hemB) are required to classify a strain as H. pittma-
niae, H. sputorum, H. parainfluenzae, or H. para(phro)
haemolyticus. H. paraphrohaemolyticus is distinguished
from H. parahaemolyticus by the presence of a lacZ gene.
When all capsule loci are detected, the serotype is deter-
mined based on the presence of specific region II alleles.
Absence of at least one capsule gene is translated into a
capsule-deficient strain and absence of all capsule genes
in H. influenzae strains defines non-typeable H. influen-
zae (NTHi). Finally, presence of all nine haemin biosyn-
thesis genes in the genome of a H. haemolyticus strain is
indicative of a haemin-independent phenotype related
to H. haemolyticus subsp. intermedius. The detection of
(unexpected) marker genes from different Haemophilus
species could further point towards mixed cultures or
a recombination event, but our classification approach
cannot rule out mixed populations of two strains from
the same Haemophilus sp. or contamination with non-
Haemophilus spp. strains.

Starting from the simulated read datasets of the train-
ing dataset (n=215), our new script produced classifica-
tion and serotyping results in less than 15 min using 30
CPU threads (on average 1.7 min per read dataset).

Validation of the new in silico classification/serotyping
algorithm

Next, the classification algorithm was employed to clas-
sify 1329 publicly available WGS datasets of Haemophilus
spp. strains (evaluation dataset). Predicted species classi-
fications were in agreement with the SRA reported tax-
onomy for 1324/1329 (99.6%) datasets. Five reported H.
influenzae strains were reclassified by our classification
algorithm as H. parainfluenzae (n=4) and H. haemolyti-
cus subsp. intermedius (n=1) (Additional file 2: Table S2),
which was confirmed by a core gene alignment-based
phylogenetic analysis of these strains together with our
training dataset strains (Additional file 7: Fig. S2). All of
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the reconfirmed H. influenzae strains harbored the full
dataset of H. influenzae markers and two also had one
additional H. haemolyticus marker (Additional file 8:
Table S6). All five H. haemolyticus marker genes and
none of the H. influenzae markers were found in the H.
haemolyticus strains. All H. parainfluenzae strains har-
bored the haemin biosynthesis genes and a maximum
of two H. haemolyticus or H. influenza markers were
detected. Lastly, nadV was only detected in H. ducreyi
datasets.

Capsule loci were found in 534/1055 H. influenzae
and 12/144 H. parainfluenzae strains from the evalu-
ation dataset (Additional file 2: Table S2 and additional
file 8: Table S6). Our serotype prediction was confirmed
for 369/371 H. influenzae with reported serotyping data
available from SRA and for 11 previously serotyped H.
parainfluenzae strains [25, 54], corresponding to an over-
all concordance of 99.5% (additional file 2: Table S2). Fur-
thermore, all predicted serotypes of H. influenzae strains
(n=>521) were in agreement with assembly-based Hicap
predictions (Additional file 2: Table S2). However, the
presumed mixed populations (n=2) with multiple sero-
types and capsule-deficient strains (n=11) predicted by
our algorithm were not identified as such by Hicap.

Retrospective reclassification of clinical Haemophilus

spp. isolates classified as H. influenzae during routine
diagnostics

In total, 262 clinical Haemophilus isolates were collected
from 250 patients in three Northern German hospi-
tals between 2008 and 2013 and were at that time clas-
sified by MALDI-TOF MS as H. influenzae (Additional
file 3: Table S3). The isolates were also recultivated and
sequenced on an Illumina platform. First, we classi-
fied the resulting sequencing reads of all 262 presump-
tive H. influenzae strains with kraken2, another popular
read-based taxonomic classification tool [31]. However,
kraken2 classified only 173 out of 262 isolates unam-
biguously as H. influenzae (Fig. 3A). The other isolates
showed a mixed species profile with reads assigned to
multiple Haemophilus spp., mainly H. haemolyticus, H.
influenzae, and Haemophilus sp. oral taxon 036, making

(See figure on next page.)

Fig. 3 Phylogeny of 262 clinical Haemophilus spp. isolates from a German cohort. The phylogenetic tree is based on the alignment of 104 core
genes (present in at least 90% of the strains). A Kraken2 read classification output. The length of a bar is proportional to the percentage of reads
that are assigned to the respective taxon (as indicated by the color). One H. influenzae culture (located in the phylogenetic tree in the “fuzzy” clade)
was likely contaminated with a Streptococcus sp. strain (19% of the reads assigned to this species) and another one with an Aggregatibacter sp.
strain (52% reads assigned to this species). B Presence/absence of marker genes included in our new taxonomic classification database. C Final
classification output of the decision algorithm. Mixed colors represent the presence of multiple full marker patterns, indicating multiple distinct
Haemophilus species. D Presence/absence of antibiotic resistance genes included in a public resistance database. Color codes correlate to the
antibiotic class to which the gene confers resistance: aminoglycosides (Agly), 3-lactam antibiotics (Bla), phenicols (Phe), trimethoprim (Tmt), macroli
de-lincosamide-streptogramin (MLS), sulfonamides (Sul), and tetracyclines (Tet)
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it difficult to unambiguously assign a taxonomic label to
the strains (Fig. 3A).

We then applied our classification algorithm on the
sequencing data of all 262 Haemophilus isolates. In
total, 166 out of 262 (63.4%) datasets were unambigu-
ously classified by our decision algorithm as H. influen-
zae, two of them belonging to serotype f (Fig. 3B/C and
Additional file 3: Table S3). Six strains could not be clas-
sified by our algorithm due to the absence of a complete
species-specific marker pattern nor could they be typed
by multi-locus sequence typing (MLST) due to a miss-
ing fucK gene (Fig. 3B/C, Additional file 3: Table S3 and
Additional file 9: Table S7). Together with three H. influ-
enzae strains that harbored one H. haemolyticus marker,
they formed a separate clade in our phylogenetic tree,
which we labeled “fuzzy” due to the aberrant marker
patterns and kraken2 profile (Fig. 3A/B). One of these
fuzzy strains was reclassified with current MALDI-TOF
MS equipment/software as H. haemolyticus, while one
showed high MALDI scores for both H. haemolyticus/H.
influenzae (Additional file 3: Table S3).

Remarkably, 83 out of 262 (31.7%) presumptive H.
influenzae isolates were unambiguously classified as
H. haemolyticus strains by our classification algorithm
despite mixed kraken2 profiles (Fig. 3 A/B/C and Addi-
tional file 3: Table S3). Except for three isolates, marker
genes of other Haemophilus spp. were not detected in
these strains (Fig. 3B). The genomes of more than half of
the H. haemolyticus strains (n=>51) contained all genes
involved in the biosynthesis of haemin and were there-
fore classified as H. haemolyticus subsp. intermedius
strains by our algorithm (Fig. 3B and Additional file 3:
Table S3). As the presence of genes in a strain’s genome
does not guarantee that the corresponding proteins are
expressed/functional, we also retrospectively evaluated
the in vitro haemin independence for 44 H. haemolyti-
cus strains which could be recultivated. Three of these 44
(6.8%) H. haemolyticus strains were still misclassified as
H. influenzae with current MALDI-TOF MS equipment/
software. The X-factor/haemin-independent phenotype
was confirmed for 24 out of 25 of the H. haemolyticus
subsp. intermedius strains while the haemin-dependent
phenotype was confirmed for the other 19 H. haemolyti-
cus strains (Additional file 3: Table S3).

For six clinical isolates, a full marker pattern of two
different Haemophilus spp. was found by our classifica-
tion algorithm, pointing towards a mixed population
or laboratory contamination (Fig. 3B/C and Additional
file 3: Table S3). The presence of multiple strains in the
corresponding cultures was further strengthened by
the unusually long (and fragmented) WGS assemblies
(>2.5 Mbp) (Additional file 3: Table S3). In addition, one
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isolate was unambiguously classified as H. parainfluen-
zae, which also agreed with the kraken?2 classification.

Based on the corresponding metadata we found that 31
out of 140 (24.3%) lower respiratory tract isolates were H.
haemolyticus strains, which is highly unexpected (Addi-
tional file 3: Table S3). Moreover, 16 of these strains were
cultured from patients with suspected and/or proven
pneumoniae, and for 11 of these patients (69%) no other
relevant pneumonia-related pathogen was found. In
addition, H. haemolyticus strains were the only plausi-
ble causative agent in four out of nine (44.4%) patients
with mouth abscesses as no other pathogen was detected
(Additional file 3: Table S3). This points towards an unex-
pected pathogenic role of H. haemolyticus at least in
these two clinical conditions.

Finally, we also determined the exogeneously acquired
resistome using the same gene detection tool, combined
with a public antibiotic resistance database. One or more
resistance genes were found in 16 out of 262 datasets,
including 9 H. influenzae, 5 H. haemolyticus, and 2 puta-
tive mixed isolates (Fig. 3D and Additional file 3). All nine
H. influenzae strains and one H. haemolyticus strain car-
ried the common bla gy gene associated with ampi-
cillin resistance. The tetracycline resistance-associated
gene tetB was identified in four H. haemolyticus strains
(Fig. 3D and Additional file 3). Retrospective pDST to
confirm the prediction of antimicrobial resistance was
possible for 10/16 isolates (Additional file 10: Table S8).
Of those, all blarpyp (=9), and all tetB (n=3) positive
isolates were confirmed to be phenotypically resistant to
ampicillin (but not ceftriaxone) and tetracycline, respec-
tively. One H. haemolyticus strain was predicted ampi-
cillin resistant based on the presence of the bla, gene,
but this was not confirmed by pDST (false positive). In
addition, one H. influenzae strain with a blargyp gene,
which codes for a B-lactamase that is typically inhibited
by sulbactam [55], was phenotypically resistant to ampi-
cillin/sulbactam. This indicates an additional mode of
resistance that cannot be explained by a gene presence/
absence approach (false negative) (Additional file 10:
Table S8).

Discussion

Correct species identification and antibiotic resistance
prediction are crucial for proper diagnosis and antimi-
crobial stewardship. However, differentiation between
some Haemophilus spp. has proven difficult with current
diagnostics. Here, we present a taxonomic marker data-
base and WGS-based classification/serotyping algorithm
for human-related Haemophilus spp., which can easily
be combined with the detection of acquired resistance
genes.
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The newly developed lightweight taxonomic data-
base (only 110 kilobytes) comprises 36 genes, including
newly identified Haemophilus sp. marker genes as well
as genes that are involved in important metabolic path-
ways (haemin biosynthesis) and virulence mechanisms
(capsule loci). The classification algorithm is based on
the detection of these marker genes directly from short
reads (fastQ files) using SRST2 and allows to differentiate
between H. influenzae, H. haemolyticus, H. parahaemo-
lyticus, H. paraphrohaemolyticus, H. parainfluenzae, H.
sputorum, H. ducreyi, and H. pittmaniae. H. quentini
and H. aegyptius are not recognized as separate spe-
cies but classified as H. haemolyticus and H. influenzae,
respectively.

The inclusion of capsule loci in our classification data-
base allows to predict the serotype of Haemophilus spp.
strains. We considered H. influenzae strains as NTHi
when none of the capsule loci were detected. When at
least one capsule loci was found, but not all, we labeled
the strains as “capsule-deficient” The genetics of these
mutants have mainly been investigated for H. influen-
zae serotype b [56]. In these cases, deletion of bexA has
been identified as the cause for the capsule loss. Conse-
quences of other deletions would need further experi-
mental investigation. Moreover, the in silico detection of
capsule genes does not guarantee that a capsule is formed
as gene expression can be affected by many other factors
such as the presence of specific mutations/indels, the
action of regulatory proteins, or the microenvironment
[57, 58]. Similarly, the presence of haemin genes allows
for subspeciation of Haemophilus strains, but it is not
a warranty for a fully functioning haemin biosynthesis
pathway.

Our classification method showed high concordance
with the reported serotype (99.5%) and species classifica-
tion (99.6%) for the evaluation dataset (z=1329). Based
on our results, we propose that some presumed H. influ-
enzae strains available at SRA should be reclassified as H.
parainfluenzae and H. haemolyticus, respectively. How-
ever, more sequencing data for less prevalent Haemophi-
lus spp. such as H. para(phro)haemolyticus, H. sputorum,
H. ducreyi, and H. pittmaniae are needed to further vali-
date the robustness of our classification algorithm.

Next to publicly available data, we also analyzed a
new dataset of 262 Haemophilus spp. isolates from 250
patients in Germany that were all classified as H. influ-
enzae by MALDI-TOF MS at the time of diagnosis
(between 2008 and 2013). In this cohort, our algorithm
reclassified almost one third of the H. influenzae strains
as H. haemolyticus, also pointing towards a role of H.
haemolyticus as human pathogen. Few strains could not
be classified by our decision algorithm due to an aber-
rant marker pattern. These strains remind of previously
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described “fuzzy” species [59, 60] and were most closely
related to H. influenzae strains. The high H. haemolyticus
misclassification rate could be explained by an incom-
plete MALDI-TOF mass spectrum database that was
used at the time of diagnosis [61, 62]. Nevertheless, the
high prevalence of H. haemolyticus strains in our strain
dataset is in clear contrast to findings of a similar study
[63], in which only a few H. haemolyticus strains were
found among clinical isolates obtained from patients in
Germany. Another interesting finding was the presence
of H. haemolyticus in aspirates of mouth abscesses. H.
influenzae has been isolated from peritonsillar abscesses
before, but H. haemolyticus has not been linked with this
condition to the best of our knowledge [64]. The fact that
a considerable number of the H. haemolyticus strains
in this study were isolated from lower respiratory tract
(LRT) specimens from patients with suspected or proven
pneumonia could point towards another unexpected
pathogenic role of H. haemolyticus in LRT infections.
However, as LRT samples can also be contaminated with
the bacterial flora of the upper respiratory tract [65] and
humans can be colonized by multiple strains at the same
time [4, 66, 67], further research is required to evaluate
the pathogenic relevance of H. haemolyticus.
WGS-based resistance prediction is increasingly
being used to monitor antimicrobial resistance, which
has become a major global public health threat, as well
as for personalized therapy [68, 69]. However, resist-
ance phenotype-genotype association studies for Hae-
mophilus species are currently scarce. To determine the
horizontally acquired resistome, we used the same gene
detection tool (SRST2) that was used to determine the
presence of our classification markers, in combination
with a public resistance database [40, 70]. In the German
cohort, we detected at least one resistance gene in 16 out
of 262 datasets. Ampicillin resistance, associated with the
presence of the blarpy.p gene, and tetracycline resist-
ance, associated with the presence of the tetB gene, could
be confirmed in vitro by routine pDST. The identification
of Haemophilus spp. strains with predicted resistance to
multiple antibiotics (including p-lactam antibiotics) high-
light the need for close monitoring of resistance evolu-
tion and spread of resistant strains in the future. The
detection of resistance genes is, however, limited to rule-
in antimicrobial resistance, and the absence of resistance
genes in a specimen does not imply antimicrobial sus-
ceptibility. A follow-up study is envisaged which com-
plements the gene detection approach with a mutation
database and comprehensive pDSTs to determine sensi-
tivity and specificity of a molecular antimicrobial resist-
ance prediction for clinical Haemophilus spp. strains.
Overall, our WGS-based classification algorithm offers
several advantages compared to other identification



Diricks et al. Genome Medicine (2022) 14:13

tools/techniques: (i) it can be used for species classifica-
tion of human-related Haemophilus spp. as well as for in
silico serotyping and prediction of haemin independency
(ii), it is very fast and can be run on a basic laptop due to
the lightweight classification database and low memory
requirements, (iii) it outputs easy interpretable text files
with gene presence/absence results and classification
tags as well as iTol annotation files for visualization of the
results on phylogenetic trees, and (iv) it can easily be com-
bined with MLST typing and the detection of acquired
resistance genes. On the other hand, the algorithm cannot
detect species belonging to genera other than Haemophi-
lus and only works well with short read data.

At this stage, we believe that WGS-based classification
and especially resistance prediction should be regarded as
a tool that complements other routine diagnostic meth-
ods. An additional algorithm that detects chromosomal
resistance-related mutations as well as more phenotype-
genotype studies and larger sample sizes will be neces-
sary to further evaluate the use of WGS as a diagnostic
method for Haemophilus spp. in clinical microbiology.

Conclusions

We developed a lightweight gene database and fast
assembly-free classification algorithm that is customized
to identify clinically relevant Haemophilus spp. direct
from raw short read WGS data. In addition, the algorithm
can also determine the serotype of typeable Haemophi-
lus strains and identify putative haemin-independent H.
haemolyticus strains. Together with drug resistance pre-
diction, this opens the door for improved diagnosis, sur-
veillance, and treatment of Haemophilus spp. infections.
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