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Aim: Genetic characterization of Pandoraea strains recovered from cystic fibrosis patients. Materials &
methods: The whole-genome sequence of 12 Pandoraea strains was determined using Illumina technol-
ogy. The position of the strains within the genus Pandoraea was analyzed using selected partial gene
sequences, core genome multi-locus sequence typing and average nucleotide identity analysis. Further-
more, the sequences were annotated. Results: The results show that some strains previously identified
as Pandoraea pnomenusa, Pandoraea sputorum, Pandoraea oxalativorans and Pandoraea pulmonicola
belong to novel species. The strains did not harbor acquired antibiotic resistance genes but encoded an
OXA-type B-lactamase. Conclusion: The taxonomy of the genus Pandoraea needs to be revised.
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Currently, up to ten species of Pandoraea have been described: Pandoraea apista, Pandoraea faecigallinarum, Pan-
doraea norimbergensis, Pandoraea oxalativorans, Pandoraea pnomenusa, Pandoraea pulmonicola, Pandoraea sputorum,
Pandoraea terrae, Pandoraea thiooxydans and Pandoraea vervacti. Pandoraea spp. strains are usually found in soil and
water but at least four species (2 apista, P pnomenusa, P. pulmonicola and P spurorum) have also been isolated from
respiratory samples from cystic fibrosis (CF) patients [1-10]. Moreover, in at least one case, mortality was attributed
to a lung infection of a CF patient with P pnomenusa (11]. Despite their role in CF, their potential biotechnology
applications and the availability of 17 whole-genome sequences (WGS), relatively little is known about Pandoraea
spp-

The aim of the study was to classify 12 Pandoraea strains obtained from 11 CF patients and a non-CF patient
and their relationship to other species in this genus as taxonomically correct identification is important to study
the role of different bacterial species in cystic fibrosis and other diseases.

Materials & methods

Strains

A total of 12 Pandoraea spp. strains were sequenced; 11 strains were obtained from CF patients in Northern Ireland
(n = 2), Spain (n = 6) and The Netherlands (n = 3), and one (16-535164) from a Dutch patient with chronic
obstructive pulmonary disease (Supplementary Table 1).

Data on stage of disease and Pseudomonas aeruginosa co-infection is not available for the anonymized Spanish
and UK strains. These strains were collected from CF patients in multicenter studies, but further patient data
were anonymized. The three CF patients from The Netherlands were all adults with late-stage disease and were
co-infected with P aeruginosa. The Dutch chronic obstructive pulmonary disease patient also had late-stage disease
and had previously been colonized with P aeruginosa, but not at the time Pandoraea was cultured. All four Dutch
isolates were recovered from sputum samples.
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Samples and patient data were collected in compliance with the Declaration of Helsinki ICH-GCP, the Declara-
tion of Tapei regarding Health Databases and Biobanks and with local and European regulations for collection and
handling of patient data. Since the study concerned retrospectively collected anonymized patient data and bacterial
strains, informed consent at the individual patient level was not required for this study. In addition, the Spanish
and UK strains were collected in accordance with their local ethics guidelines and described in prior studies. Results
from these studies have been previously published [12-14]. Furthermore, in The Netherlands, use and analysis of
bacterial strains with anonymized patient data do not require approval from institutional review boards/ethics
committees.

Whole genome sequencing

Bacterial DNA was purified using the Qiacube with the DNeasy Blood & Tissue kit with the enzymatic lysis
protocol (Qiagen, CA, USA) and used to prepare a library for sequencing with the MiSeq or Nextseq (Illumina,
CA, USA) platforms, using the NexteraXT library prep kit (Illumina). Contigs were assembled with SPAdes
genome assembler v.3.6.2. The assembled contigs were analyzed for the presence of resistance genes by ResFinder
(last accessed 28 June 2018) from the Center for Genomic Epidemiology (DTU, Copenhagen, Denmark) [15].

Core genome multi-locus sequence typing

In total, 17 public genomes were used to create a core genome multi-locus sequence typing (cgMLST) scheme
for the Pandoraea genus (Supplementary Table 2). The WGS of P apista TF81F4 (NZ_CP010518.3) was used as
the reference genome. Other public genomes were aligned to find homologous genes using Basic Local Alignment
Search Tool (BLAST), where a query gene had a homolog if it completely overlaps with the reference gene and had
an identity of at least 90% (BLAST version 2.2.12 [16)).

Average nucleotide identity

Average nucleotide identity (ANI) among the genomes was calculated using ANIb algorithm of pyani tool 171,
which uses nucleotide BLAST alignment for whole genome alignment. Genomes are fragmented into genomic
fragments of 1020 bases long and after pairwise alignments of all fragments of each genome, ANI was calculated
as the percentage of nucleotide identity for matching regions of all genomes. In biclustering analysis of ANI scores,
complete linkage was used as a hierarchical clustering method with the Euclidean distance metric. Heatmap of all
genomes was generated using biclustering, where a color scale bar shows the pairwise ANI for values below 75%
with gray color and values above 75% are shown in a color range starting from blue (ANI 75%) through white to
red (ANI 100%). In the heatmap, each Pandoraea species is shown in a different color next to a leaf node of a tree.

Phylogenetic trees of partial sequences

Neighbor-joining trees of the blaoxa genes and partial gyrB and 16S rDNA gene sequences were generated
with Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and MEGA X [18-21]. KODON (Applied Maths,
Belgium) was used for whole genome alignments. The accession numbers of the sequences used are listed in
Supplementary Table 2.

Genome annotation

Annotation of the WGS of the 12 strains was performed with Rapid Annotation using Subsystem Technology
(RAST) [221.

Data availability
This whole-genome shotgun project has been deposited at European Nucleotide Archive (ENA) under the project
number PRJEB30961. The version described in this paper is the first version.

Results & discussion

Species identification

Three strains, 16-535641, 16-535642 and 16-543519 were not identified to species level before whole genome
sequencing using MALDI-TOE because of insufficient scores. BLAST alignment of the WGS against the GenBank
database identified the first two strains as 22 apista and the third as 2 pulmonicola. Identification of the other strains
are included in Supplementary Table 1.
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Genome characteristics

The genomes were sequenced with an average coverage of 36—78-times and the number of contigs ranged from
40-161 (Supplementary Table 1). The sequencing results show that the total length of the genomes sequenced
correlated with the species: P apista has a genome size of approximately 5.4-5.5 Mb, P sputorum 5.6-5.9 Mb, P
pnomenusa approximately 5.4 MB and P pulmonicola approximately 4.8 Mb with the exception of 16-535646,
which had a total assembled sequence length of 5.8 Mb (Supplementary Table 1). The GC content also correlated
with species, except for P pulmonicola 16-535646, which had a GC content of 64.32% compared with 66.06—
66.13% for the other strains of this species (Supplementary Table 1). These discrepancies for 16-535646 suggest
that it may belong to a different species than P pulmonicola.

cgMLST

A cgMLST scheme for the Pandoraea genus with 342 core genes was generated. Analysis of the 12 WGS against this
scheme showed that strains belonging to different species clustered together (Supplementary Figure 1). However,
deep branches are present between 2 pulmonicola 16-535646 and the other three strains and also between P sputorum
16-535640 and 16540164 compared with the two other strains. ANI analysis of the sequences confirmed that
P pulmonicola 16-535646 was different from the other P pulmonicola strains (Supplementary Figure 2). It also
confirmed that the four P sputorum strains fall into two related groups.

Although WGS are not available for all ten species, a cgMLST of available sequences was generated (Figure 1).
The length of the branches again suggests that 16-535646 does not belong to P pulmonicola but also that 2
pulmonicola DSM 16583 is related to this strain. WGS alignment shows that there is no difference in gene content
between these two strains. However, strain 16-535646 came from Spain whereas the other one was isolated in
Canada. The P sputorum strains belong to two different groups, possibly subspecies or may be even different species.
However, strains 16-535647 and DSM 21091 are closely related. WGS alignment shows no difference in gene
content between the strains, but DSM 21091 was isolated in the USA and the other strain in Spain. P oxalativorans
also clusters closely with P sputorum.

The cgMLST data show that R pnomenusa strains 6399 and 7641 cluster differently from the other strains of this
species in this analysis. Either these two strains or the three other strains do not belong to 2 prnomenusa. However,
P pnomenusa strains 16535644 and DSM 16536 are closely related. WGS alignment shows no additional genes.
Furthermore, strain P apista 16535642 from Spain and DSM 16535 from Denmark are closely related. Genome
sequence alignment shows that 16-535642 contains approximately 4.3 kb additional sequence. Strain E26, which
had only been identified at the genus level, appears to belong to P pnomenusa.

blaoxa gene analysis

Besides the whole genome, sequences of a number of blaoxa (encoding OXA-family B-lactamases), gyrB (encoding
the B-subunit of DNA gyrase) and 16S rRNA gene sequences from additional Pandoraea strains are available,
although not all sequences were present for each strain. To further understand the phylogenetic relationships
between Pandoraea strains, we also analyzed these sequences.

All strains in our study contained a blapoxa gene. In addition to the sequences obtained in this study, sequences of
blaoxa genes from other Pandoraea species present in GenBank were compared. The genes cluster according to the
species, but the genes are not identical within species (Figure 2). However, it should be noted that 2 pulmonicola
16-535646 and DSM 16583 cluster separately from the other strains of this species. Also, the 2 sputorum strains
are split into two groups with a clustering identical to that obtained by cgMLST. Additionally, all P promenusa and
Pandoraea spp. E26 strains created a distinct cluster, which is in agreement with the cgMLST clustering.

gyrB gene analysis

A phylogenetic analysis of gyrB gene sequences shows that 2 pulmonicola 16-535646, DSM 16583 and LMG18106
cluster together, but separately from the other 2 pulmonicola strains (Figure 3). The P sputorum strains again are
split into two groups with a clustering identical to that obtained by cgMLST. Strains from P oxalativorans clustered
together with 2 sputorum strains, which is comparable with the cgMLST clustering. Genomospecies 2 also falls
into this cluster. The two P pnomenusa strains 6399 and 7641 clustered completely differently from the other P
pnomenusa strains. This part of our analysis is confirmed by the recent description of these isolates as a novel species,
Pandoraea fibrosis, during the preparation of our manuscript 23]. The sequences for P faecigallinarum, P vervacti and
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Figure 1.
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Phylogenetic tree of 12 isolates from this study and 17 isolates with publicly available genomes. The tree was created using

presence/absence profile of the 342 core genes (core genome multi-locus sequence typing) of the publicly available 17 Pandoraea
genomes (see Materials & methods section for more details).

genomospecies three strains clustered closely together. Also, P thiooxydans, P terrae and P norimbergensis strains
have closely related gyrB sequences.

16S rRNA gene analysis

The analysis of 16S tDNA sequences was divided into two different regions, because in some cases only limited
sequence data were available. A first fragment of 960 sbp lacked the sequence from 16-535646 and 16-535644
(Figure 4A) and a second fragment of 896 bp lacked the sequences of 16-543516 and 16-543522 (Figure 4B).
The different clustering of P pulmonicola 16535646 in the cgMLST and with blapxa and gyrB is not observed
with 16S rRNA sequences. Unfortunately, only the second region of 16-535646 was available (Figure 4B). The 2
sputorum strains again clustered into two different groups comparable with those described for blaoxa and gyrB.
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Figure 2. Neighbor-joining tree of blapxa sequences. The optimal tree with the sum of branch length = 0.66186054 is shown. The
percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (500 replicates) are shown next to the
branches [19]. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the
phylogenetic tree. The evolutionary distances were computed using the maximum composite likelihood method [20] and are in the units
of the number of base substitutions per site. The analysis involved 25 nucleotide sequences. All ambiguous positions were removed for
each sequence pair. There was a total of 292 positions in the final dataset. Evolutionary analyses were conducted in MEGA X [21].

Data taken from [18].

However, the P oxalativorans strain also clustered with two P sputorum strains based on the sequence of each region,
similar to the gyrB sequences. Also, genomospecies 2 strains clustered with the P sputorum strains as it did using
the gyrB sequences. Pandoraea spp. ISTKB also clusters in this group as did genomospecies 3, although somewhat
separately. Genomospecies 4 clusters with P norimbergensis and genomospecies 1 clusters differently with sequences
of both fragments as did P, terrae, R vervacti, P thiooxydans and P, faecigallinarum. The P pnomenusa strains 6399
and 7641 again clustered differently from the other strains of this species. However, they cluster differently in the
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Data taken from [18].

Genomospecies 2 LMG20601 [AF439533]
P, sputorum 16-535640 [ERS3050657]
P. sputorum 16-540164 [ERS3050663]
P, oxalativorans DSM 23570 TCP011253]
P, sputorum 16-543232 [ERS3050664]
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Neighbor-joining tree of partial gyrB sequences [18]. The optimal tree with the sum of branch length = 1.40428879 is shown.
The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (500 replicates) are shown next to
the branches [19]. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the
phylogenetic tree. The evolutionary distances were computed using the maximum composite likelihood method [20] and are in the units
of the number of base substitutions per site. The analysis involved 42 nucleotide sequences. All ambiguous positions were removed for
each sequence pair. There was a total of 398 positions in the final dataset. Evolutionary analyses were conducted in MEGA X [21].



Whole-genome analysis of Pandoraea species strains from cystic fibrosis patients

99

78

0.050

67, Poxalativorans DSM 23570

P thiooxydans ATSB16 [EF397578]

—
1 P thiooxydans DSM 25325 [CPO11568]

P.terrae SE-S21 .(rKJ831094)

Tcpotiesa)

Psputorum 16-535640 [ERS3050657]
P.sputorum 16-540164 [ERS3050663]
Genomospecies 2 CDC-G5084 [AF247693]

P. sputorum LMG 18819 -‘EAF139|75]

86 P. sputorum 16-543232 [ERS3050664]

P sputorum DSM 21091 [CP010431]
Genomospecies 3 CDC-G9805 [AF247697]

Preliminary Communication

Pnori DSM11628 [v09879]

94 P norimbergensis DSM 11628 [CP013480]

77 | |
Genomospecies 4 CDC-HB52 [AF247698]

P.norimbergensis CCUG 38412 [AY268174]

P.norimbergensis LMG 13019 [AF139171]

P apista LMG 16407T[CEWL00000000]

Papista TF80G25 [CP011279]
Papista TF81F4 [CP010518]
Papista AU2161 [CP011501]

P apista 16-535641 [ERS3050658]
Papista 16-535642 [ERS3050659]
Papista LMG 18089 [AY268172]

61 Pandoraea spp. ISTKB [MAOS00000000]

P KOx [A ]

34[{ P vervacti DSM 23571 CP010897]
94, Ppulmonicola LMG 18106 TAF139175]

& P. pulmonicola DSM16583 [CP010310]

P pulmonicola 16-543519 [ERS3050667]
P, pulmonicola 16-543522 [ERS3050668]

9%
P pulmonicola 16-543264 [ERS3050665]
49, Ppnomenusa LMG 18087 [AF139174]
P pnomenusa 3kgm [CP006900]

P.pnomenusa DSM 16536 [CP009553]

P pomenusa RB-38 [CP007506]

Pandoraea spp. E26 [AYXJ00000000]

P pnomenusa RB-44 [CP006938]

P.pnomenusa 16-543516 [ERS3050666]

P apista DSM 16535 [CP013481]

Pterrae SE-S21 1KJ831094]
I Genomospecies 1 JB1 [X92188]

P. pnomenusa 7641 [JTCS00000000]

P. pnomenusa 6399 [JTCR00000000]

28

22

Genomospecies 1 JB1 [X92188]
P norimbergensis DSM 11525T[Y09579]
P.norimbergensis DSM 11628 [CP013480]

P.norimbergensis CCUG 38412 [AY268174]

P.norimbergensis LMG 13019 [AF139171]

L Genomospecies 4 CDC-HB52 [AF247698]

P.pnomenusa 6399 [JTCR00000000]
P.pnomenusa 7641 [JTCS00000000]

P apista DSM 16535 [CP013481]

P apista LMG 16407 [CEWL00000000]
Papista LMG 18089 [AY268172]

P apista TFB0G25 [CP011279]

Papista TF81F4 [CP010518]

P, apista AU2161 [CP011501]

Papista 16-535641 [ERS3050658]

P, apista 16-535642 [ERS3050659]

P.vervacti DSM 23571 -IiCP010897]

3 P sputorum 16-540164 [ERS3050663]
_Eh P oxalativorans DSM 23570 T[CPOHQSS]
6: P sputorum 16-535640 [ERS3050657]

2

Genomospecies 2 CDC-G5084 [AF247693]
P sputorum LMG 18819 [AF139176]
P sputorum DSM 21091 [CPO10431]

P sputorum 16-543232 [ERS3050664]
P sputorum 16-535647 [ERS3050662]
Pandoraea spp. ISTKB [MAOS00000000]

Genomospecies 3 CDC-G9805 [AF247697]

49
o9 | Pihiooxydans ATSB16 Teraersa)
| Rthiooxydans DM 25325 [cPotises]
33 =
) R Kox T )
P pulmonicola LMG 18106 T[AF139175]
45 P pulmonicola DSM 16583 [CP010310]
U P pulmonicola 16-543519 [ERS3050667]
23 63
R pulmonicola 16-535646 [ERS3050661]
P pulmonicola 16-543264 [ERS3050665]
P priomenusa LMG 18087 '[AF139174]
P pnomenusa DSM 16536 [CP009553]
P promenusa RB-38 [CP007506]
- Pandoraea spp. E26 [AYXJ00000000]

P pnomenusa 3kgm [CP006900]
P pnomenusa RB-44 [CP006938]
P pnomenusa 16-535644 [ERS3050660}

0.0020

Figure 4. Neighbor-joining trees of the 165 ribosomal DNA gene sequence. (A) Neighbor-joining tree of the first part of the 16S
ribosomal DNA gene sequence. (B) Neighbor-joining tree of the second part of the 16S ribosomal DNA gene sequence. The evolutionary
history was inferred using the neighbor-joining method [18]. The optimal tree with the sum of branch length = 0.10332359

and = 0.03749079 (Figure 4A & B, respectively) is shown. The percentage of replicate trees in which the associated taxa clustered together
in the bootstrap test (500 replicates) are shown next to the branches [19]. The tree is drawn to scale, with branch lengths in the same units
as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the maximum
composite likelihood method [20] and are in the units of the number of base substitutions per site. The analyses involved 42 and 43
nucleotide sequences, respectively. All ambiguous positions were removed for each sequence pair. There was a total of 962 and 896
positions for Figure 4A & B, respectively. Evolutionary analyses were conducted in MEGA X [21].

phylogenetic tree for each 16S sequence fragment. This part of our analysis is confirmed by the recent description

of these isolates as a novel species, 2 fibrosis, during the preparation of our manuscript [24].

ANIb analysis

An ANIb can be used to delineate species and a score below 95-96% can be considered a different species [25].
When an ANIb analysis was performed using the 12 whole genomes, sequenced as a part of this study, and the
17 publicly available WGS, the genus Pandoraea appeared to be composed of 8-10 species (Figure 5). As observed
with the phylogenetic analyses, the P apista strains cluster together. However, strains identified as P promenusa fall
into two groups. Strains 6399 and 7641 do not belong to the species, whereas the other strains do because they
cluster with the type strain of that species. Pandoraea spp. E26 also belongs to P pnomenusa. P sputorum and P

oxalativorans, form a complex that either consists of 3 species or subspecies consistent with the other analyses. Based
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Figure 5. Heatmap based on the percentage of average nucleotide identity for all 29 Pandoraea isolates that were analyzed in this
study. The color bar shows the percentage of average nucleotide identity between any two isolates starting from blue (75%) through
white to red (100%).

on the analyses of the 16S rRNA sequences, strains 16-535647 and 16-543232 appear to belong to P sputorum
since they cluster with the type strain, whereas the other strains belong to a different species or the same species but
a different subspecies. P pulmonicola appears to consist of two species. P vervacti is a separate species and Pandoraca
spp- ISTKB belongs to a species for which no WGS was available or a novel species; the latter option appears more
likely, since the strain did not cluster with described species in the other analyses.

Annotation

The annotation with RAST showed no major differences in most metabolism and cell function categories within
species with the exception of Pandoraea spp. 16-535646 where, in the category ‘Motility and Chemotaxis’, more
proteins were identified compared with the other strains (Supplementary Table 1), again suggesting that this isolate
belongs to a new species. Depending on the isolate, 44—71 virulence genes were identified (Supplementary Table 1).
Phage proteins were identified in all strains except those of P pulmonicola (Supplementary Table 1). No virulence-
related genes were identified. No proteins involved in cell division and cell cycle or plasmid-related functions were
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identified. Whether the absence of proteins reflects true absence of these functions or is covered by different proteins
remains to be seen.

All our strains harbored a blapxa gene. P apista encoded blaoxaiss, P pnomenusa blagxais1 or blaoxaisz, P
pulmonicola blaoxaise, blaoxaiss or blaoxaise, and P sputorum blaoxaisa or blaoxaiss (Supplementary Figure 1).
These species/ blaoxa-type combinations have been described before [24]. However, we also identified blaoxaiss and
blaoxaise in P pulmonicola. Besides the intrinsic blaoxa genes, no other resistance genes were detected using
ResFinder or RAST, with the exception of five strains belonging to four species that encode a putative class C
p-lactamase. The amino acid sequences are different for each isolate (data not shown). The minimal inhibitory con-
centrations of the strains for aztreonam, ceftazidime, ciprofloxacin, colistin, cotrimoxazole, imipenem, meropenem
and tobramycin were tested earlier [26], but no relationship with species or the presence of a putative AmpC B-
lactamase for the B-lactam antibiotics was present (data not shown); however, differences in the promotor region can
be an explanation. Possibly, eflux pumps in combination with porin mutations play a role in antibiotic resistance
similar to that reported for P aeruginosa (27). Unfortunately, except for the OXA-family B-lactamases, no data on
antibiotic resistance mechanisms are available and insufficient genome sequences are available to identify mutations
involved in antibiotic resistance.

Plasmid analysis

Although no plasmid-related functions were identified with RAST, our sequences, when compared with eight
published Pandoraea plasmid sequences (GenBank accession numbers pPV15C: P010898; pPO70-1: CP011518;
pPO70-2: CP011519, pPO70-3: CPO11520; pPO70-4: CPO11521; pPF72-1: CP011808; pPF72-2: CPO11809;
pPA35: CP013482), showed that only P apista 16-535642 shared approximately 67 kb of DNA with the 77 kb
pPA35 plasmid. The shared sequences encoded for conjugal transfer related proteins and hypothetical proteins
(data not shown). pPA35 was described as plasmid of P apista DSM 16535 [28].

Conclusion

In summary, the sequence data show the need to revisit the taxonomy within the genus Pandoraea. Speciation within
the genus Pandoraea is not reliable when using only (partial) individual genes (e.g., 16S rRNA genes or gyrB) and
further characterization using WGS is needed to confirm speciation. Based on the clustering of the P pulmonicola
type strain LMG18106 with 16-535646 and DSM 16583 for gyrB compared with the other strains described,
we propose that strains 16-543264, 16-543519 and 543522 belong to a new species. P sputorum 16-543232,
16-535647 and DSM12091 cluster with the type strain in agreement with clustering using the other data. This
implies that the two other strains do not belong to P sputorum and belong either to a new species or subspecies;
P oxalativorans belongs to this complex and may be a subspecies. Our analyses of 2 pnomenusa strains 6399 and
7641 are in agreement with the recent description of these strains as the novel species P fibrosis. Pandoraea spp. E26
belongs to P pnomenusa. The status of species for which only gene sequences were available can only be ascertained
when (sufficient) whole-genome sequences are available.

Summary points

Pandoraea species are environmental bacteria but important pathogens in cystic fibrosis patients.
These species are underinvestigated.

The genomic sequences of 12 isolates were investigated.

Several undescribed species were identified.

The isolates do not harbor acquired antibiotic resistance genes.

A revision of the taxonomy is required.

Supplementary data
To view the supplementary data that accompany this paper please visit the journal website at: www.futuremedicine.com/doi/sup
pl/10.2217/fmb-2019-0038
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