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Abstract

Objective. Due to the fact that K. variicola, K. quasipneu-
moniae and K. pneumoniae are closely related bacterial species,
misclassification can occur due to mistakes either in normal
biochemical tests or during submission to public databases.
The objective of this work was to identify K. variicola and K.
quasibneumoniae genomes misclassified in GenBank database.
Materials and methods. Both rpoB phylogenies and
average nucleotide identity (ANI) were used to identify a
significant number of misclassified Klebsiella spp. genomes.
Results. Here we report an update of K. variicola and K.
Quasipneumoniae genomes correctly classified and a list of
isolated genomes obtained from humans, plants, animals and
insects, described originally as K. pneumoniae or K. variicola, but
known now to be misclassified. Conclusions. This work
contributes to recognize the extensive presence of K. variicola
and K. quasipneumoniae isolates in diverse sites and samples.
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Resumen

Objetivo. Identificar genomas mal clasificados de K. varii-
cola, y K. quasipneumoniae en la base de datos del GenBank.
Material y métodos. En el presente estudio se usaron
tanto analisis filogenéticos usando rpoB como la identidad
media de nucledtidos (ANI, por sus siglas en ingles) para
identificar un nimero significativo de genomas del género
Klebsiella. Resultados. Se reportd una actualizacion de
genomas de K. variicola y K. quasipneumoniae correctamente
clasificados y una lista de aquellos aislamientos obtenidos
de seres humanos, plantas, animales e insectos, descritos
originalmente como K. pneumoniae o K. variicola pero ahora
se conoce que estan mal clasificados. Conclusiones. Este
trabajo contribuye a la presencia extensiva de aislamientos de
K. variicola'y K. quasipneumoniae en diversos sitios y muestras.

Palabras clave: infecciones bacterianas; infecciones por bac-
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Necent taxonomic description of the genus Klebsiella
pp- includes three taxonomic subspecies; K. pneu-
moniae subsp. pneumoniae (Kpl), K. pneumoniae subsp.
rhinoscleromatis and K. pneumoniae subsp. ozaenae and
our novel species; Klebsiella variicola (Kplll), K. singapo-
rensis, K. michiganensis and K. quasipneumoniae (KplI),
which has two subspecies: Klebsiella quasipneumoniae
subsp. quasipneumoniae (Kpll-A) and K. quasipneumoniae
subsp. similipneumoniae (Kpll-B).! For these bacterial
species novel genome sequences have been described
from the strains 07A044, 18A069' and FIHV2014.2 The
misclassification of K. variicola and Klebsiella spp. ge-
nomes was first identified by whole-genome and rpoB
phylogenies.** Subsequently by K. quasipneumoniae and
other K. variicola genomes the misclassification was
evidenced by Average Nucleotide Identity (ANI).” The
aim of this work was detect misclassified K. variicola
and K. quasipneumoniae genomes. We used an rpoB gene
phylogenetic analysis and the results were validated by
ANI. We identified the isolates misclassified previously
described® and identified new isolates that corresponded
to K. variicola and K. quasipneumoniae that were deposited
as K. pneumoniae. Likewise, we identified one K. variicola
genome misclassified that corresponds to K. quasipneu-
moniae subsp. similipneumoniae.

Materials and methods

Identification of the K. variicola
and K. quasipneumoniae genomes

The complete nucleotide sequence of rpoB (KVR801
v1_470024) gene from K. variicola 801 (CDMV00000000)
was downloaded from the European Nucleotide Ar-
chive database.® The rpoB sequence was analyzed by the
BLASTn option (with default values) against 419 com-
plete and draft Klebsiella spp. (tax id: 570) genomes de-
posited in GenBank database (last analysis 13/07/2015).7
The rpoB genes from Escherichia coli K-12-MG1655, Salmo-
nella enterica Ty21a, Klebsiella oxytoca KCTC1686, K. quasi-
pneumoniae subsp. quasipneumoniae 18A069 (KpII-A), K.
quasipneumoniae subsp. quasipneumoniae 01A030 (KpII-A)
and K. quasipneumoniae subsp. similipneumoniae 07A044
(KpII-B) genomes' were included in the phylogenetic
analysis. Subsequently, the rpoB nucleotide sequences
of K. pneumoniae genomes with 100% nucleotide identity
were filtered out to exclude a possible bias. All strain
genomes identified as K. variicola and K. quasipneumoniae
were included. Finally, a phylogenetic reconstruction
was performed using the maximum-likelihood method
with a Tamura-Nei-parameter model and 1 000 bootstrap
replications (Mega v6.06).%
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The ANI was determined using the Average
Nucleotide Identity Calculator® the default parameters.
In total, thirty-one K. variicola, nine K. quasipneumoniae
and two K. pneumonia genomes were downloaded
from GenBank and analyzed (table I). K. variicola At-22
(CP001891), K. quasipneumoniae subsp. quasipneumoniae
18A069 (CBZM000000000), K. quasipneumoniae subsp.
similipneumoniae 07 A044 (CBZR000000000) and K. pneu-
monige MGH78578 (CP000647) were used as reference
genomes of the respective bacterial species.

Results and discussion

Klebsiella spp. genomes that corresponded
to K. variicola and K. quasipneumoniae

Both K. variicola as K. pneumoniae and K. quasipneumoniae
isolates exhibit very similar biochemical features,! and
to date there are no reported biochemical tests for their
appropriate differentiation.>*!%! The phylogenetic
analysis of the rpoB gene is more adequate than the 165
rRNA for Klebsiella spp. differentiation.'? Likewise, K.
variicola DX120E was identified both by 165 rRNA as
rpoB genes, however, a better resolution was obtained
with rpoB gene analysis.”® In addition, K. variicola des-
cribed in animals and plants was also included in the
rpoB phylogenetic analysis.? Previously concatenated
housekeeping genes were proposed to differentiate of
Kiebsiella species.' With this criterium K. pneumoniae
342 from maize,* and K. pneumoniae KP5-1 from in-
sect!® were found to be misclassified as K. pneumoniae.
Actually the new K. variicola and K. pneumoniae isola-
tes may now be properly identified by PCR. The first
multiplex PCR, M-PCR-1 based on unique genes from
each species would allow the differentiation in clinical
laboratories of K. variicola and K. pneumoniae bacterial
species.® In the present study, the nucleotide BLAST
analyses of rpoB gene sequence allowed the analysis of
419 Klebsiella spp. Genomes. All those strains with rpoB
genes with 100% nucleotide identity to rpoB of K. pneu-
monise MGH78578 were not further considered, as they
had a correct taxonomic affiliation. 144 non-redundant
DNA sequences were used for a phylogenetic analysis,
showing seventeen putative K. pneumoniae strains co-
rresponding to K. variicola bacterial species (figure 1).
Their reported identification was K. pneumoniae MGH20,
MGH40, MGH68, MGH76, MGH80, MGH92, MGH114,
UCI18, BIDMC61, BIDMC88, BIDMC90, 223/ 14, KTE92,
UCICRE10, B1, and CH4 and Klebsiella spp. 1.1.55. The
Klebsiella spp. 1.1.55 clinical isolate was previously iden-
tified as a possible K. variicola.* In addition, K. preumoniae
UCICRE14 corresponded to K. quasipneumoniae subsp.
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Table |
AVERAGE NUCLEOTIDE IDENTITY (ANI) BETWEEN
BACTERIAL GENOMES FROM ALL ISOLATES
AS QUERIES, AND K. vaARriicoLA, K. PNEUMONIAE
AND K. QUASIPNEUMONIAE REFERENCE STRAIN GENOMES

Average nucleotide identity (%)

K. variicola K. pneumoniae K. quasipneumoniae
At-22 MGH78578 18A069
K. variicola
At-22 100.00 94.07 92.90
223/14 99.18 94.14 92.98
Bl 99.17 94.08 9291
CH4 99.18 94.10 92.90
MGH20 99.18 94.08 92.94
MGH40 99.15 94.13 92.95
UCICREIO 99.19 94.14 9291
uclis 99.19 94.15 92.94
BIDMCé | 99.16 94.05 92.95
MGHé8 99.15 94.12 92.89
MGH76 99.19 94.15 93.03
MGH80 99.18 94.09 93.03
BIDMC88 99.14 94.12 92.94
BIDMC90 99.10 94.14 93.02
MGHI 14 99.19 94.12 92.93
MGH92 99.12 94.09 92.93
I.1.55 99.13 94.12 92.94
KTE92 99.13 94.13 92.95
342 99.08 94.13 92.93
KP5-1 99.13 94.07 92.89
BZ19 99.17 94.13 92.92
DXI120E 99.19 94.13 9291
DSM15968 99.13 94.13 92.90
CAG:634 99.17 94.01 92.90
801 99.16 94.09 92.95
8917 99.19 94.14 9291
06-268 99.17 94.08 92.92
3 99.21 94.07 92.88
4880 99.18 94.02 92.92
6A2 99.21 94.03 92.93
T29A 99.16 94.08 92.93
K. quasipneumoniae
18A069 92.90 93.27 100.00
01A030" 92.84 93.10 99.15
07A044¢ 92.93 93.31 100.008
UCICREI4' 92.88 93.23 99.22
12-3578* 92.90 93.30 99.22§
ATCC 700603* 92.92 93.31 99.328
MGH44* 9291 93.39 99.06
HKUOPLA? 92.96 93.40 99.208
HKUOPLC* 92.95 93.40 99.198
K. pneumoniae
MGH78578 94.07 100.00 93.27
NTUH-K2044 94.10 99.21 93.28

* Klebsiella quasipneumoniae subsp. quasipneumoniae

+ Klebsiella quasipneumoniae subsp. similipneumoniae

$ K. quasipneumoniae subsp. similipneumoniae 07A044 used as reference
genome in ANI calculation
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quasipneumoniae (Kpll-A), whereas the K. pneumoniae
12-3578, ATCC 700603, MGH44 and HKUOPLC and K.
variicols HKUOPLA corresponded to K. quasipneumoniae
subsp. similipneumoniae (KpIl-B) (figure 1).

Validation by average nucleotide identity
analysis

The results obtained by phylogenetic analysis of rpoB
gene were confirmed by determining the ANI value
(tablel). K. variicola At-22, K. quasipneumoniae 18A069, K.
quasipneumoniae subsp. similipneumoniae 07A044 and K.
pneumoniae MGH78578 were used as reference genomes
in the ANI platform. This platform may use draft or
complete genomes.” When strains from the same subs-
pecies were compared, ANI was >99%. Among the K.
variicola genomes, an ANI value of >99.08 was obtained;
similarly, an ANI value of >99.15% for the K. quasipneu-
monige genomes was obtained. For the K. pneumoniae
and Klebsiella spp. genomes that were identified as K.
variicola in the present study, ANI values were <94.01%
compared with those of K. pneumoniae MGH-78578. In
contrast, an ANI value of >98.89% was obtained when
K. variicola isolates were compared to K. variicola At-22
(table I). Previously, Chen and colleagues® detected nine
misclassified K. variicola and four K. quasipneumoniae
genomes. This update of Klebsiella genomes highlight
that not only K. pneumoniae are misclassified, but also,
K. variicola.

Not only K. pneumoniae and K. variicola but also
K. quasipneumoniae isolates are not differentiated by
biochemical methods. To address this problem, Brisse
and colleagues' proposed a phylogenetic analysis based
on five protein-coding genes (rpoB, fusA, gapA, gyrA,
and leuS) that clearly differentiates K. variicola and K.
quasipneumoniae from K. pneumoniae bacterial species.
Nevertheless, we previously showed that the rpoB nu-
cleotide partial gene sequence (501 bases) also supports
the differentiation of K. variicola and K. pneumoniae. This
work confirms the correct taxonomic affiliation using
the complete rpoB gene sequence.

General characteristics of K. variicola
and K. quasipneumoniae strains and genomes

Misclassified K. pneumoniae and K. variicola genomes,
now know to corresponded to K. variicola or K. quasip-
neumoniae, were submitted to GenBank in 2009. Other
misclassified strains, such as Klebsiella spp. 1.1.55, and K.
pneumoniae 342 genomes were deposited in 2008 (table
II). The latter was reported to correspond to K. variicola
in subsequent studies.*'¢ Genome submissions were
mainly to USA, Mexico and Malaysia, with the USA
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FIGURE. |. PHYLOGENETIC ANALYSIS OF THE RPOB GENE OF THE 144 NON=-REDUNDANT K. vAriicoLa, K. Qua-
sIPNEUMONIAE AND K. PNEUMONIAE GENOMES. KPl, K. PNEUMONIAE; KPIl-A, K. QUASIPNEUMONIAE SUBSP. QUA=-

siPNEUMONIAE; KPll-B, K. QUASIPNEUMONIAE suBsP. SIMILIPNEUMONIAE AND Krlll, K. variicoLa
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Table Il
CHARACTERISTICS OF K. VARIICOLA, K. QUASIPNEUMONIAE AND K. PNEUMONIAE GENOMES CONSIDERED IN THE STUDY

GOSN i bome  Ognofsas SRS Gy SIS Gy MO Geome Cfope e D
K. pneumoniae K. pneumoniae NTUH-K2044 Human (blood) 06-Jan-2004 Chine Sanger shotgun | 5248 520 5248 520 5270 AP006725.1 19447910
K. pneumoniae K. pneumoniae MGH-78578 Human 06-Sep-2006 USA Sanger shotgun | 5315120 5315120 5244 CP000647.1 Unpublished
K. pneumoniae K. variicola 223/14 Human (pus) 07-Oct-2014 Malaysia PacBio 13 5584 553 (75X) 6 165 397 5797 JRTV00000000 Unpublished
K. pneumoniae K. variicola Bl Plant (bitter gourd) 29-Oct-2014 Malaysia lllumina HiSeq 90 152 679 (63X) 5484 200 5212 JSWX00000000  Unpublished
K. pneumoniae K. variicola CH4 Plant (chili) 29-Oct-2014 Malaysia lllumina HiSeq 95 131 443 (74X) 5480 893 5223 JSXA00000000  Unpublished
K. pneumoniae K. variicola MGH20 Human (respiratory) 06-Sep-2013 USA lllumina HiSeq 2000 25 665 487 (145X) 5651 060 5237 AYJK00000000 Unpublished
K. pneumoniae K. variicola MGH40 Missing (urine) 06-Sep-2013 USA lllumina 14 858 351 (143X) 5379 986 4978 AYIX00000000  Unpublished
K. pneumoniae K. variicola UCICREIO missing 06-Sep-2013 USA lllumina HiSeq 2000 12 1342103 (135X) 5376 506 4959 AYIF00000000 Unpublished
K. pneumoniae K. variicola UClI8 Human (urine) 10-Jan-2014 USA lllumina 18 540 261 (136X) 6 035 862 5643 JCML00000000  Unpublished
K. pneumoniae K. variicola BIDMCéI Human (urine) 25-Apr-2014 USA lllumina 24 493 486 (135X) 5 580 642 5170 JMWB00000000  Unpublished
K. pneumoniae K. variicola MGHé68 Human (urine) 25-Apr-2014 USA lllumina HiSeq 2000 25 398 006 (135X) 5521224 5124 JMZD00000000  Unpublished
K. pneumoniae K. variicola MGH76 Human (bile) 25-Apr-2014 USA lllumina 400 57 253 (46X) 5960 376 5327 JMZK00000000  Unpublished
K. pneumoniae K. variicola MGH80 Human (urine) 25-Apr-2014 USA lllumina 36 341 150 (139X) 5775155 5394 JMZM00000000  Unpublished
K. pneumoniae K. variicola BIDMC88 Human (missing) 10-Jun-2015 USA lllumina HiSeq 2000 30 1342103 (135X) 5376 506 5399 LFBA00000000  Unpublished
K. pneumoniae K. variicola BIDMC90 Human (missing) 10-Jun-2015 USA lllumina 48 445 357 (132X) 6478 359 6153 LFBC00000000  Unpublished
K. pneumoniae K. variicola MGHI 14 Human 10-Jun-2015 USA lllumina 96 293 076 (23X) 6023 346 5 644 LFAP00000000  Unpublished
K. pneumoniae K. variicola MGH92 Human (missing) 10-Jun-2015 USA lllumina 98 130 603 (55X) 5642 554 5199 LFAD00000000  Unpublished
Klebsiella sp. K. variicola 1.1.55 Human (missing) 08-Oct-2009 USA 454 GS-FLX 96 110 877 (20X) 5459739 5010 ACXA00000000  Unpublished
Klebsiella sp. K. variicola KTE92 Human (missing) 22-Feb-2013 USA lllumina 34 344 789 (129X) 5471 343 5043 ASQN00000000  Unpublished
K. pneumoniae K. variicola 342 Plant (maize stems) 05-Mar-2008 USA Sanger shotgun | 5641 239 (8X) 5641 239 5813 CP000964.1 18654632
K. pneumoniae K. variicola KP5-1 Insect (Nezara viridula) ~ 04-Jun-2014 USA 454 GS-Junior | 5365 144 (16X) 5365 144 5198 CP008700.1 25146146
K variicola K. variicola BZ19 Human (Faeces) 21-Aug-2014 Brazil 454 208 55792 (14X) 5 543 565 5003 JDWAO00000000 25135672
K. variicola K. variicola DXI20E Plant (banana roots) 09-Sep-2014 Chine PacBio | 5501 013 (96X) 5501013 5172 CP009274 Unpublished
K. variicola K. variicola DSM15968 Plant (banana roots) 13-Jan-2015 Chine PacBio | 5521203 (185X) 5521203 4979 CP010523 Unpublished
K. variicola K. variicola CAG:634 Human (gut) 28-Nov-2012 Denmark Not founded 464 19 584 5182156 4879 CBBA000000000  Unpublished
K variicola K. variicola 801 Human (blood) 15-Jan-2015 Mexico 454 GS-FLX Titanium 9l 131 409 (15X) 5790 474 5620 CDMV00000000 25886267
K. variicola K. variicola 8917 Human (sputum) 18-Feb-2015 Mexico 454 GS-FLX Titanium 103 257 189 (20X) 5686 491 5621 CEGG00000000 25858850
K variicola K. variicola 06-268 Human (abscess) 24-Jul-2015 Mexico 454 GS-FLX Plus 19 407 879 (30X) 5431 857 5278 CX0OZ00000000  This work
K. variicola K. variicola 3 Plant (maize shoots) 24-Jul-2015 Mexico 454 GS-FLX Plus 24 374 829 (25X) 5512858 5387 CXOY00000000 26358599
K variicola K. variicola 4880 Human (blood) 24-Jul-2015 Mexico 454 GS-FLX Titanium 88 220017 (19X) 5415715 5258 CXPB00000000  This work
K. variicola K. variicola 6A2 Plant (banana root) 24-Jul-2015 Mexico 454 GS-FLX Titanium 206 168 242 (15X) 5925914 5906 CXPC00000000 26358599
K variicola K. variicola T29A Plant (sugar cane stem)  24-Jul-2015 Mexico 454 GS-FLX Titanium 126 213313 (18X) 5 865 668 5751 CXPA00000000 26358599
K. variicola K. variicola At-22 Insect (fungus matrix) 26-Jan-2010 USA 454 GS-FLX | 5458 505 5458 505 5309 CP001891.1 19965433
K. quasipneumoniae” K. quasipneumoniae 01A030 Human (blood) 16-May-2014 Austria lllumina 65 151 149 5465736 51287 CCDF00000000  Unpublished
K. quasipneumoniae” K. quasipneumoniae 18A069 Human 08-Jan-2014 Spain lllumina 476 24320 5387733 5007 CBZM000000000 24958762
K. quasipneumoniae* K. quasipneumoniae 07A044 Human 08-Jan-2014 Germany lllumina 46 257 097 5109717 4927 CBZR000000000 24958762
K. pneumoniae K. quasipneumoniae” UCICREI4 missing 06-Sep-2013 USA lllumina 24 (140X) 5517176 5054 AYIC00000000  Unpublished
K. pneumoniae K. quasipneumoniae* 12-3578 Human (blood) 15-Apr-2013 Chine lllumina HiSeq 183 136 195 (62X) 5742061 0 AQOC00000000  Unpublished
K. pneumoniae K. quasipneumoniae? ATCC 700603 Human 15-Jan-2013 USA lllumina HiSeq 103 226 688 (800X) 5461 663 5231 AOGO00000000 23723407
K. pneumoniae K. quasipneumoniae* MGH44 missing (respiratory) 06-Sep-2013 USA lllumina Il 922 744 (273X) 5240 541 4832 AYIV00000000 Unpublished
K. variicola K. quasipneumoniae? HKUOPLA Panda (feces) 31-Jul-2015 Chine lllumina MiSeq | 5062 551 (61X) 5090 052 4757 CP012252 26472841
K. pneumoniae K. quasipneumoniae* HKUOPLC Panda (feces) 04-Aug-2015 Chine lllumina MiSeq | 5088 873 (43X) 5088 873 4962 CP012300 Unpublished

"Klebsiella quasipneumoniae subsp. quasipneumoniae
#Klebsiella quasipneumoniae subsp. similipneumoniae
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as the major contributor (table II). These isolates were
obtained from many different sources, such as humans
(from urine, pus bile and other organic tisues), giant
pandas (feces), different sites of plants, and from di-
verse insect species (table II). The majority of bacterial
genomes were submitted as drafts with 12 to 400 con-
tigs, using mostly Illumina technology. Five K. variicola
genomes were completely sequenced using the Sanger
shotgun, PacBio and 454 technologies (completed by
Sanger sequencing of gaps), and the draft genomes
contained from 24 to 464 contigs.

The K. quasipneumoniae genomes were submitted
in 2013 and 2015 from different countries, including
Austria, China, Germany, Spain and USA. All of these
genomes were isolated from humans and were sequen-
ced using the [llumina platform, with contigs from 1 to
476 and genome sizes >5 Mb and a content of CDS or
proteins of 4 757 to 5 287 (table II).

Final considerations

It is a fact that Klebsiella spp. isolates have been mis-
classified. Several isolates of both K. variicola and K.
quasipneumonige from various sources were identified
as K. pneumoniae. We report here, on a genomic basis,
on misclassified K. pneumoniae, K. quasipneumoniae and
K. variicola isolates from humans, animals, plants and
insects. Nevertheless, the recent use of different methods
such as PCR, phylogenetic analysis of rpoB gene and
ANI for the proper differentiation of K. variicola and
K. quasipneumoniae from K. pneumoniae will help the
adequate classification of Klebsiella species. This work
contributes to recognizing the extensive presence of
K. variicola and K. quasipneumoniae in diverse sites and
samples. The correct identification of K. variicola in the
hospital setting could contribute to a more appropriate
medical treatment."” Notably, some K. variicola'®"® and
K. quasipneumoniae,® respectively, have acquired carba-
penem resistance and virulence factors.
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