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Abstract

Comparison of the genome of the Gram negative human pathogen Haemophilus quentini MP1 with other
Haemophilus species revealed that, although it is more closely related to Haemophilus haemolyticus than
Haemophilus influenzae, the pathogen is in fact genetically distinct, a finding confirmed by phylogenetic
analysis using the H. influenzae multilocus sequence typing genes. Further comparison with two other H.
quentini strains recently identified in Canada revealed that these three genomes are more closely related than
any other Haemophilus species, however there is still some sequence variation. There was no evidence of
acquired antimicrobial resistance within the H. quentini MP1 genome nor any mutations within the DNA
gyrase or topoisomerase IV genes known to confer resistance to fluoroquinolones, which has been previously
identified in other H. quentini isolates. We hope by presenting the annotation and genetic comparison of the
H. quentini MP1 genome it will aid the future molecular detection of this potentially emerging pathogen via
the identification of unique genes that differentiate it from other Haemophilus species.

Keywords: Haemophilus; Haemophilus quentini; Whole genome sequencing; Annotation; Comparative

genomics
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Introduction

Haemophilus influenzae are clinically relevant Gram-negative bacteria which are known to cause a range of
infections in humans, including sinusitis Brook et al. (2006) and conjunctivitis Van Dort et al. (2007), and most
importantly neonatal sepsis Van Dcynse et al. (2016). Based on the varied ability to produce ornithine
decarboxylase, urease and indole, H. influenzae can be separated into eight biotypes Andrzejczuk et al. (2017),
as well as six serotypes based on their capsule, in addition to the strains that are non-encapsulated and
therefore not typeable LaClaire et al. (2003). H. influenzae biotype IV are a group of non-typeable H. influenzae
(NTHi) and are often characterised by the presence of peritrichous fimbriae Gousset et al. (1999); Quentin et
al. (1989) which is thought to aid attachment in the urinary tract Gousset et al. (1999); Quentin et al. (1989).
Although rare, H. influenzae biotype IV have been implicated as the cause of non-invasive infections in
humans, including urogenital infections Alrawi et al. (2002); Harper and Tilse (1991); Quentin et al. (1989) and
neonatal sepsis Van Dcynse et al. (2016); Wallace et al. (1983) and have been found to colonise the
nasopharynx of children Jain et al. (2006) and the adult urinary tract Drouet et al. (1989). Importantly,
ampicillin resistance within H. influenzae biotype IV has been observed Jain et al. (2006); Rashid et al. (2016).
Initially DNA-DNA hybridisation and restriction fragment length polymorphism identified that at least a subset
of H. influenzae biotype IV may actually be distinct, but still related, albeit distantly, from both H. influenzae
and Haemophilus haemolyticus Quentin et al. (1993).Subsequent phylogenetic analysis of a partial sequence of
the 16S rRNA gene of two strains of H. influenzae biotype IV found that a proportion of H. influenzae biotype
IV were actually more closely related to H. haemolyticus than H. influenzae Quentin et al. (1996) and
unofficially renamed ‘Haemophilus quentini’, described as a “cryptic genospecies” since it cannot be
distinguished phenotypically from H. influenzae Quentin et al. (1996). Since this discovery, it has been
identified as the cause of urinary tract infections in men Glover et al. (2011) and neonatal bacteraemia through
16S rRNA sequencing Giufre et al. (2015); Hubbard et al. (2016); Mak et al. (2005). Importantly, H. quentini
resistance to levofloxacin and tetracycline has been observed as well Mak et al. (2005). Aside from the
description of these clinical cases involving H. quentini, there has been very little direct investigation into this
possibly distinct pathogen.

Following the publication of the first whole genome sequence (WGS) of H. quentini Hubbard et al. (2016), we
present the annotated assembly of the first WGS of H. quentini MP1. We have also compared the assembled

genome to three other pathogenic Haemophilus species and two draft genomes of H. quentini that were
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recently isolated in Canada Eshaghi et al. (2016) to determine if H. quentini is indeed closely related to H.
haemolyticus and H. influenzae or whether it is in fact a distinct, novel, clinically relevant pathogen. Initially, H.
quentini MP1 was identified via sequencing of the 16S rRNA extracted directly from clinical samples obtained
from the cerebral spinal fluid (CSF) and joint fluid from a 9-day old male infant that presented with presumed
sepsis in the UK Hubbard et al. (2016). The clinical isolate was subsequently obtained by culture from the CSF
sample and it was reported to our laboratory that the isolate was susceptible to amoxicillin, co-amoxiclav,
cefuroxime, ciprofloxacin and tetracycline by disc diffusion test performed during routine investigation in the
NHS diagnostic laboratory. The clinical isolate was then subjected to whole genome sequencing in our
laboratory Hubbard et al. (2016). We hope that by presenting the annotated WGS of H. quentini MP1, the
future detection of this potentially emerging pathogen will be improved by the identification of genes that are
unique to H. quentini which will allow it to be readily differentiated from other Haemophilus species in clinical
molecular diagnostics.

Materials and methods

DNA extraction and sequencing

The H. quentini clinical isolate was provided to us on a nutrient agar slope by the Microbiology Department of
Barnsley Hospital NHS Foundation Trust UK and the DNA extracted using an in-house method followed by WGS
with an Illumina MiSeq. The bacterial isolate was re-suspended in 200 ul RNAse-free water, 10 mg/ml
lysozyme and 40 pg/ml lysostaphin (all Sigma-Aldrich, UK), agitated at 37°C for 30 minutes at 500 rpm, then
incubated at 72°C for 10 minutes with 200 ul ATL Buffer containing 40 pl protease (Qiagen, Germany).
Extraction proceeded using High Pure Viral Nucleic Acid Kit (Roche, UK). Indexed library generation for WGS
was performed using the Nextera DNA Library Preparation Kit and Nextera Index Kit (both Illumina, US).
Pooled low-diversity 4 nM library with a 5% PhiX spike-in was sequenced with MiSeq 150 cycle Reagent Kit v3
(Hlumina, US). Sequencing generated ~1.36 million 2 x 76 bp paired end reads.

Genome assembly

The quality of the raw MiSeq reads of the H. quentini MP1 genome were assessed using FastQC (version
0.11.5) and found to be high quality with no adapters present. Any sequencing reads that were found to be
below a quality threshold of 30 were filtered out using FastQ Toolkit (version 2.2.0). Finally, de novo assembly
of the H. quentini MP1 genome was performed using SPAdes(version 3.9.0) Bankevich et al. (2012) and the

statistical analysis of the assembly were measured using QUAST(version 4.3) Gurevich et al. (2013)
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Genome annotation

To produce a consensus sequence of the H. quentini MP1 genome, the contigs produced by de novo assembly
were ordered and re-orientated against the reference genome H. haemolyticus M19107 Jordan et al. (2011)
using Mauve (version 2.4.0) Darling et al. (2010). The final WGS of H. quentini MP1 was fully annotated using a
combination of Prokaryotic Genome Annotation Pipeline (PGAP) Tatusova et al. (2014) and RAST (version 2.0)
Aziz et al. (2008). RNAmmer Lagesen et al. (2007) was used to assess the presence of ribosomal RNA and
Tandem Repeat Finder (version 4.09) Benson (1999) for the identification of the number of tandem repeats
within the H. quentini MP1 genome.

Genomic comparisons

The WGS of H. quentini was compared to three other pathogenic Haemophilus species using a variety of
comparative methods to establish the relative similarity or difference of the H. quentini genome and the
relatedness of these four Haemophilus species. OrthoVenn Wang et al. (2015) was used to identify any
overlapping or unique orthologous protein clusters in the genomes of H. influenzae PittGG Hogg et al. (2007),
H. haemolyticus M19107 Jordan et al. (2011), Haemophilus ducreyi VANS Pillay et al. (2016), H. quentini MP1
Hubbard et al. (2016), H. quentini C860 and H. quentini KO68 Eshaghi et al. (2016). The orthologous clusters
were identified with default parameters, 1x10° E-value cut-off for all protein similarity comparisons and 1.5
inflation value for the generation of orthologous clusters.

To determine the relatedness of H. quentini MP1 and H. influenzae PittGG Hogg et al. (2007), H. haemolyticus
M19107 Jordan et al. (2011) and H. ducreyi VANS Pillay et al. (2016) we calculated the average nucleotide
identity (ANI) percentage identity using pyani (https://github.com/widdowquinn/pyani) between each of the
genomes.

Finally, for a whole genome comparison of the H. quentini MP1 genome with the three other Haemophilus
species, H. quentini MP1 was aligned with H. influenzae PittGG Hogg et al. (2007), H. haemolyticus M19107
Jordan et al. (2011), H. quentini C860 and H. quentini KO68 Eshaghi et al. (2016) and alignment statistics were
produced using progressiveMauve Darling et al. (2010).

Phylogenetic analysis

Phylogenetic analysis of the multilocus sequence typing (MLST) genes and 16S rRNA was performed to further
ascertain how closely related the H. quentini MP1 is to three other Haemophilus species. The public MLST

scheme for H. influenzae was selected for phylogenetic analysis of Haemophilus genomes, comprising genes
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adk, atpG, frdB, mdh, pgi, and recA Meats et al. (2003). Gene sequences were extracted with NCBI BLAST+
toolkit in Galaxy Camacho et al. (2009); Cock et al. (2015) from the H. quentini MP1, H. influenzae PittGG Hogg
et al. (2007), H. influenzae KW20 Gmuender (2001), H. haemolyticus M19107 Jordan et al. (2011), H. ducreyi
VANS Pillay et al. (2016), H. quentini C860 and H. quentini K068 Eshaghi et al. (2016) genomes. Gene
sequences were aligned separately and in concatemers using ClustalW Thompson et al. (1994). Evolutionary
analyses were performed using MEGA7 Kumar et al. (2016). The Tamura-Nei (+G) model Tamura and Nei
(1993) of maximum likelihood was selected using the in-built MEGA7 Bayesian Information Criterion (BIC)
assessment of evolutionary models, and the bootstrap consensus phylogenetic tree was inferred from 500
replications Felsenstein (1985) (Fig. 3a). A further phylogenetic tree was constructed using the 16S rRNA
sequences from these genomes, using the Hasegawa-Kishino-Yano model (+G +1) Hasegawa et al. (1985) of
maximum likelihood in MEGA7 Kumar et al. (2016) using the methods described above (Fig. 3b).

Antimicrobial resistance genes

As H. quentini is potentially a novel pathogen, we tried to identify any possible antimicrobial resistance genes
present in the genome. Antimicrobial resistance genes within the H. quentini MP1 gene were searched for
using RESfinder (version 2.1) Zankari et al. (2012), a webtool that utilises BLAST Zhang et al. (2000) to identify
antimicrobial resistance genes acquired by horizontal gene transfer using a database of known antimicrobial
resistance genes. The search was performed with an identification threshold of 90% and minimum gene length
of 80%. The protein sequence DNA gyrase subunits A and B and topoisomerase IV subunit A and B from H.
quentini MP1 were aligned with the protein sequence of a multispecies Haemophilus equivalent to identify any
mutations that may confer resistance to fluoroquinolones using ClustalOmega Sievers et al. (2011).

Results and discussion

Following de novo assembly of the H. quentini MP1 genome, any contigs that were found to be below <500 bp
in length, <10X coverage or were identified to be non-bacterial when searched using BLAST Zhang et al. (2000)
were manually removed. The finalised list of contigs produced a genome that was 2,151,950 bp (96x coverage)
in length in 78 contigs with a N50 67,683 bp and Lso 11 and a G+C content of 38.54%. The largest contig was
216,467 bp in length.

The annotated H. quentini MP1 genome, performed by PGAP Tatusova et al. (2014), identified a total of 2241
genes, of which 2187 were coding sequences (CDS), including 137 pseudo genes, and 54 RNA genes. Using

Tandem Repeats Finder, 68 tandem repeats were found within the genome and RAST Aziz et al. (2008) did not
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identify any transposable elements. The ribosomal RNA in the genome was also annotated, which found two
5S rRNA subunits, one 23S and one 16S rRNA subunit present within the genome. The identity of the
assembled genome was confirmed as H. quentini through a BLAST search of the 16S rRNA subunit, which
returned a positive match to an H. quentini 16S rRNA partial sequence, the same method by which recent
infections with H. quentini Hubbard et al. (2016) have been identified.

Previous phylogenetic analysis of the sequenced 16S rRNA gene suggested that H. quentini was more closely
related to H. haemolyticus than H. influenzae Quentin et al. (1996). However, this was not fully determined
beyond the initial 16S rRNA comparison. To confirm whether this was indeed the case beyond the 16S rRNA
gene, we compared the whole genome assembly of H. quentini MP1 to the genome of three other
Haemophilus species. Both the H. haemolyticus M19107 Jordan et al. (2011) and H. quentini MP1 assemblies
are fragmented, 123 and 78 contigs respectively, whilst H. influenzae PittGG Hogg et al. (2007) and H. ducreyi
VANS Pillay et al. (2016) are each represented by a single chromosome. For this reason the contigs of the H.
haemolyticus M19107 Jordan et al. (2011) and H. quentini MP1 assemblies were both re-ordered and oriented
relative to H. influenzae PittGG Hogg et al. (2007) as the closest, complete, reference genome, using MAUVE
Contig Mover Rissman et al. (2009). The ordered assemblies were then aligned to H. influenzae PittGG Hogg et
al. (2007) and alignment statistics were calculated using progressiveMAUVE Darling et al. (2010). While it is
clear from the alignment that there is sequence similarity between the genomes of H. quentini MP1 and H.
influenzae PittGG Hogg et al. (2007) and H. haemolyticus M19107 Jordan et al. (2011), as shown by the
segments of the aligned genome (Supporting information; Fig. S1a and Fig. S1b), there is also a considerable
variation. This is visibly represented by a large number of gaps within the alignment (Supporting information;
Fig. S1a and Fig. S1b) and is particularly evident by the presence of 168457 SNPs between the H. quentini MP1
and H. influenzae PittGG Hogg et al. (2007) genomes, while 151655 SNPs were present in the alignment of H.
quentini MP1 and H. haemolyticus M19107 Jordan et al. (2011) genomes.

To further compare the four Haemophilus genomes beyond aligning the sequences, we performed a multi-
species comparison of the shared orthologous protein clusters from genomes of H. quentini MP1, H. influenzae
PittGG Hogg et al. (2007), H. haemolyticus M19107 Jordan et al. (2011) and H. ducreyi VANS Pillay et al. (2016).
As was found with the sequence alignment, it was clear that H. quentini MP1 is more closely related to H.
haemolyticus M19107 Jordan et al. (2011) than H. influenzae PittGG Hogg et al. (2007), with 145 and 101

overlapping orthologous protein clusters respectively. However, H. quentini MP1 contains 27 orthologous
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protein clusters that are unique to the organism (Fig. 1a) and the number of proteins with no orthologous
match (278, H. influenzae PittGG Hogg et al. (2007); 154, H. haemolyticus M19107 Jordan et al. (2011); 490, H.
quentini MP1; 322, H. ducreyi VANS Pillay et al. (2016)) suggests there is a substantial difference among H.
quentini MP1 and other Haemophilus species. Finally, in order to examine the relatedness between H. quentini
MP1 and H. influenzae PittGG Hogg et al. (2007), H. haemolyticus M19107 Jordan et al. (2011) and H. ducreyi
VANS Pillay et al. (2016), the ANI between each of the genomes was calculated. Our results again confirm that
H. ducreyi VANS Pillay et al. (2016) is less similar to the other strains (0.84%, Fig. 2) and H. quentini MP1 is
more similar to H. haemolyticus M19107 Jordan et al. (2011), 0.95%, than H. influenzae PittGG Hogg et al.
(2007), 0.92%. Therefore, following whole genome analysis of H. quentini MP1 in comparison to other
Haemophilus species we found that it was indeed more similar to H. haemolyticus than H. influenzae.
However, despite previously being categorised as H. influenzae biotype IV there was still sufficient variation
between the genomes to suggest the H. quentini genome is distinct from the other Haemophilus species
entirely.

Following the publication of the draft genome of H. quentini MP1 Hubbard et al. (2016), two other strains of H.
quentini were identified and sequenced in Canada and denoted strains C860 (accession number
MDJC00000000) and K068 (accession number MDJBO0000000, Eshaghi et al. (2016)). Although H. quentini MP1
was more closely related to H. haemolyticus than any of the other Haemophilus species, following ANI
percentage analysis H. quentini MP1 was found to be much more closely related to H. quentini C860, 0.999%,
and H. quentini K068, 0.999%, than any other Haemophilus species (Fig. 2). However, alignment of H. quentini
MP1 with the two strains from Canada (Supporting information; Fig. S1c) highlighted that although all three
strains are very similar, the presence of 1828 and 1844 SNPs and 69 and 58 gaps when MP1 was aligned with
C860 and K068 respectively, suggests that there is still a large amount of variation between MP1 and the two
Canadian strains.

In contrast to the comparison of orthologous protein clusters of H. quentini MP1 with other Haemophilus
species, the three strains of H. quentini are very closely related and contain 2152 overlapping orthologous
protein clusters (Fig. 1b) confirming the ANI percentage analysis. However, again, the variation between the
three strains is evident with a number of proteins with no orthologous match (55; H. quentini MP1, 11; H.
quentini C860, 8; H. quentini KO68). All three H. quentini strains also formed a distinct clade on both the MLST

and 16S phylogenetic tree, clearly separated from H. influenzae by high confidence bootstrap values, further
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suggesting that H. quentini is in fact its own distinct species and not a biotype of H. influenzae (Fig. 3a and 3b).
The two phylogenetic trees display an identical topology and concord with the genomic distance relationships
suggested by the average nucleotide percentage identity comparison (Fig. 2). These analyses support the
previous suggestion that H. quentini is more closely related to H. haemolyticus than H. influenzae by 16S rRNA
sequencing, and that H. ducreyi VANS Pillay et al. (2016) was the least related to the three H. quentini
genomes.

Ampicillin resistance in H. Influenzae biotype IV has previously been described Jain et al. (2006); Rashid et al.
(2016), yet no acquired antibiotic resistance genes were identified in the H. quentini MP1 genome using
RESfinder. We also found that the DNA gyrase subunit A and topoisomerase IV subunit A and B protein
sequences shared 100% homogeneity with the corresponding multispecies Haemophilus protein sequences
(accession number WP_005643730.1, WP_005642010.1 and WP_005642011.1, respectively). However, the
DNA gyrase subunit B only shared 98.8% homogeneity with the protein sequence from DNA gyrase subunit B
from multispecies Haemophilus (accession number WP_014550363.1), with two mutations at position 561
from Thr to Met (T561M) and 771 from lle to Thr (1771T). The two mutations were also present in the two
Canadian strains of H. quentini, though the mutations have not been identified as part of the quinolone
resistance determining region Shoji et al. (2014) of gyrB. Therefore, this analysis confirmed the reported
susceptibility to both ciprofloxacin and ampicillin found during routine laboratory investigations by the NHS
Microbiology department. However, we were not able to confirm this due to being unable to perform
phenotypic analysis on H. quentini MP1 isolate as a result of the limitations of our laboratory and access to
insufficient sample.

In this paper, we have presented a novel genome that, although more closely related to H. haemolyticus than
any of the other Haemophilus species compared, does not closely align with the three Haemophilus species.
The distinct difference in genomes compared to H. influenzae and H. haemolyticus and the closer relatedness
to two other H. quentini isolated in Canada raises questions as to whether H. quentini is actually a part of H.
influenzae biotype IV or whether it is in fact a distinct, novel pathogen. Unique genes in the H. quentini MP1
genome can be exploited for molecular detection to differentiate H. quentini from other Haemophilus species,
including H. influenzae, resulting in surveillance, improved diagnosis and treatment of infections caused by H.

quentini.
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Figures and Tables

Figure 1: Venn diagram plotted with OrthoVenn shows the orthologous protein clusters among the genomes of
(a) Haemophilus quentini (Hq MP1), Haemophilus influenzae PittGG (Hi PIttGG), Haemophilus ducreyi VANS5 (Hd
VANS5) and Haemophilus haemolyticus M19107 (Hh M19107) and (b) Haemophilus quentini MP1 (Hq MP1),
Haemophilus quentini C860 (Hg C860) and Haemophilus quentini KO68 (Hg K068).

Figure 2: Average nucleotide identity percentage identity comparison of H. quentini MP1, H. quentini KO68, H.
quentini C860, H. influenzae PittGG, H. ducreyi VANS5 and H. haemolyticus M19107.

Figure 3: Phylogenetic analysis of (a) concatenated adk, atpG, frdB, mdh, pgi, and recA genes and the (b) 16S
rRNA genes of H. quentini MP1 (Hq MP1), H. quentini KO68 (Hq K068), H. quentini C860 (Hq C860), H.
influenzae KW20 (Hinf KW20), H. influenzae PittGG (Hinf PittGG), H. ducreyi VANS5 (Hd VAN5) and H.
haemolyticus M19107 (Hh M19107). The genes were aligned using ClustalW and the trees were produced
using the (a) Tamura-Nei (+G) model of maximum likelihood and the (b) Hasegawa-Kishino-Yano model (+G +l)
of maximum likelihood using MEGA7 with bootstrap calculations used to determine the confidence in the
position of each clade on the tree.
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444 Supporting Information

445 gen-2017-0195.R1 Figure S1: Alignment of the H. quentini MP1 genome with the (a) H. haemolyticus M19107
446 and (b) H. influenzae PittGG reference genomes (c) Haemophilus quentini C860 and Haemophilus quentini
447 K068. Locally Collinear Blocks are shown by boxes of the same colour and represent conserved sequence
448 regions shared by one or more genomes. White areas represent unique sequence regions in the three

449 genomes.
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