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Abstract
Background: Multilocus sequence typing (MLST) act as an accurate approach to characterize bacterial
population genetics, phylogeny and epidemiology, and has not yet been applied to Klebsiella aerogenes.
Results: A MLST scheme was established for a collection of 213 isolates of K. aerogenes. These strains
exhibited considerable sequence diversity under purifying selection, and could be assigned into 135 sequence
types, which were further divided into 8 clonal complexes and a lot of doubletons and singletons scatterred in
the population snapshot. Five separately clustering lineages were presented in the population, which displayed
evident homologous recombination occurred within and across lineages, with a tendency of linkage
disequilibrium. Conclusions: K. aerogenes shows an epidemic population structure displaying high levels of
recombination occurring more frequently than point mutation. Key words: Klebsiella aerogenes; multilocus
sequence typing; sequence types; purifying selection; linkage disequilibrium; population structure

Background
Klebsiella aerogenes (formerly Enterobacter aerogenes) (1), belonging to the family Enterobacteriaceae, is a
rod-shaped, nonspore-forming bacterium capable of motility via peritrichous �agella. K. aerogenes is
commonly nonpathogenic to healthy humans but, since 1990s, it has been recognized as an important
opportunistic pathogen responsible for nosocomial infections, such as meningitis, sepsis, bacteremia,
respiratory and urinary tracts infections, and surgical site infections, in humans with weakened immune
systems (2). Clinical K. aerogenes strains often exhibit multi-drug resistance to commonly used broad-
spectrum antibiotics, including third-generation cephalosporins and carbapenems frequently used for
treatment of Enterobacteriaceae-induced severe or refractory infections (2).

Arbitrarily primed-PCR (3), enterobacterial repetitive intergenic consensus PCR (4), random ampli�cation of
polymorphic DNA (5), and pulsed �eld gel electrophoresis (PFGE) (6) have been applied to epidemiologically
characterize outbreaks of K. aerogenes-induced infections. Compared to these traditional genotyping methods,
multilocus sequence typing (MLST), based on the sequences of multiple (commonly 7) housekeeping genes, is
able to provide more discriminatory power to differentiate isolates, and thus act as a more accurate approach
to characterize bacterial population genetics, phylogeny and epidemiology, enabling to steadily track source
and spreading of bacterial infections. The present work established a MLST scheme for K. aerogenes, which
provided an insight into the high-level genetic diversity and an epidemic population structure of K. aerogenes.

Methods
Bacterial strains

A total of 184 isolates of K. aerogenes (Additional �le 1:Table S1) were isolated between 2013 and 2015 from
patients with nosocomial infections from 8 hospitals in 6 Chinese cities, including Chongqing (Southwest
China), Beijing, Tianjin and Zhengzhou (North China), and Hefei and Fuzhou (East China). Bacterial species
identi�cation was performed by PCR detection of a 981-bp K. aerogenes-speci�c ampC sequence (7). Genomic
DNA of each isolate was isolated by classical phenol/chloroform method followed by methoxyethanol
removal of polysaccharides that contaminate genomic DNA (8), and then arrayed in 96-well PCR plates for
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further analyses. Additional 29 available complete or draft genome sequences of K. aerogenes derived from
NCBI (last accessed May 1st 2016) were included for the MLST analysis (Additional �le 1:Table S1).

K. aerogenes MLST scheme

The seven housekeeping genes, namely dnaA, fusA, gyrB, leuS, pyrG, rplB and rpoB, and their sequences
involved in MLST analysis in this study (Table 1) were derived from the MLST scheme of K. cloacae
(http://pubmlst.org/ecloacae/). PCR primers (Table 1) of each indicative target gene were designed from the
chromosome sequence of K. aerogenes KCTC 2190 (9) (accession number CP002824). A volume of 50 µl PCR
mixture contained 50 mM KCl, 10 mM Tris-HCl (pH8.0), 2.5 mM MgCl2, 0.001% gelatin, 0.1% BSA, 100 µM of
each dATP, dCTP, dGTP and dTTP, 0.1 µM of each primer, 1 unit of each of ExTaq polymerases (TaKaRa), and
10 ng of genomic DNA. The ampli�cation conditions were as follows: 95°C for 5min, and then 30 cycles of
94°C for 40s, an appropriate annealing temperature (Table 1) for 40s, and 72°C for 1min. PCR products were
analyzed by agarose gel electrophoresis and puri�ed by ultra�ltration (Millipore). Both DNA strands of each
amplicon were sequenced with the primers as used in PCR on an ABI-3700 sequencer. DNA sequences were
aligned using MUSCLE Version 3.8 (10).

Sequence diversity analyses

The GC content was calculated as Count(G + C)/Count(A + T + G + C) ×100. The number of polymorphic sites,
the average pairwise differences per-site (π), and the p-values of Tajima’s D test were calculated by DnaSP
Version 5.10 (11). The average non-synonymous/synonymous rate ratio (Ka/Ks) was calculated with KaKs
Calculator Version 2.0 (12) to estimate whether the group was under purifying selection or not. Distinct allelic
pro�les were assigned into different sequence types (STs), which were further clustered into clonal complexes
(CCs), using eBURST Version 3 (13). Every two different STs who share six of the seven loci were connected
with each other, and a connected graph with more than 2 STs was called a CC. If only two STs were connected
together, the two were called doubleton. All other unconnected STs were named singletons. The founders
(ancestry types) of CCs were predicted by eBURST with 1,000 re-samplings for bootstrap.

Population structure analyses

The sequences of the 7 MLST loci of each ST were concatenated, and the neighbor-joining tree was built by
MEGA7 (14) with the concatenated sequences of all the detected STs. The percentages of replicate trees, in
which the associated taxa clustered together in the bootstrap test (1000 replicates), were shown next to the
branches. Linkage model was implemented by STRUCTURE Version 2.3 (15) to infer ancestries for each ST,
which assumed that each ST was derived from �xed number of assuming ancestral subpopulations. The
posterior probability P(X|K) was calculated to determine the probability of ST X derived from ancestral
subpopulation. Individual runs (200,000 burn-in iterations and 1,200,000 iterations sampling iterations) per
value of K (ranged from 2 to 10) were performed. The splits network was generated by SplitsTree4 (16) using
the neighbor-net method.

Recombination analyses

The pairwise homoplasy test (Phi test) was performed with SplitsTree4, which was used to detect evidence of
recombination events in a set of aligned sequences. When the evidence for recombination was found, the p
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value yielded from the Phi test was less than 0.05. The LDhat method implemented by RDP4 (17) was used to
calculate the average per-site ρ/θ ratio based on the concatenated sequences of the seven loci with 1,000,000
MCMC updates, where ρ and θ represented the rates of recombination and mutation respectively.

Linkage equilibrium test

The standardized index of association (IA), testing linkage equilibrium, was calculated by Linkage Analysis
Version 3.637 (18) with 10,000 iterations by Monte Carlo based on allelic pro�les. If IA was statistically
signi�cant different from zero, alleles were suggested with genetic linkage; if not, the alleles were regarded with
random associations.

Results
Considerable sequence diversity under purifying selection

Sequences of each of the 7 MLST loci had no insertions and deletions. The length of each of the 7 loci ranged
from 263 bp (pryG) to 646 bp (fusA) (Table 2). The GC content of each of 7 loci ranged from 50.7 (dnaA) to
57.4 (gyrB), with a mean value of 54.5. Polymorphism was detected at 196 (5.58%) sites in total, of which only
7 had tri-allelic single nucleotide polymorphisms (SNPs) (Table 2). The diversity index π was 7.13e-3 for the
concatenated sequences and ranged from 2.97e-3 (rplB) to 2.29e-2 (leuS) at different loci (Table 2).

Ka/Ks >1 or <1 indicated positive or negative selection on the sequence tested, respectively. The Ka/Ks ratio of
the concatenated sequences was 0.019. fusA displayed a Ka/Ks ratio of 0.104, while the Ka/Ks ratios of all
other loci were less than 0.043 (Table 2). These denoted that all these loci were under a strong purifying
selection. The Tajima’s D test of the concatenated sequences gave a value of -0.84, indicating that the sampled
population was evolving randomly without evidence of positive selection (Table 2). However, rplB had a
Tajima’s D test value of -1.9, which was less than 0 with a statistical signi�cance at the 0.05 level (Table 2).
This suggested that rplB suffered a recent selective sweep or population expansion after a recent bottleneck.

Abundant STs and CCs

The allele number of each of the 7 loci varied from 10 (rplB) to 37 (leuS) (Table 2), generating 135 unique STs
in total from the 213 strains tested, indicating that these 7 MLST loci exhibited su�cient ability for strain
discrimination. The 135 STs could be assigned into 8 CCs (CC1 to CC8; 36 STs, 96 strains), 12 doubletons (24
STs, 28 strains) and 75 singletons (75 STs, 89 strains) (Fig. 1). The Chinese and non-Chinese isolates were
clustered together, and no signi�cant pattern could be found when inspecting the relationship between
STs/CCs and their years and geographic locations of isolation.

The largest CC1 contained 7 STs, and the predicted founder of CC1 was ST4, containing 20 (68.97%) of the
total 29 strains in CC1, which represented as the most predominant ST in this CC as commonly observed (13).
However, ST50, the predicted founder of the second largest CC3, contained only one strain (4.55% of the total
22 strains in CC3). The fact that the CC3 founder ST50 was not the predominant ST in the complex might be
resulted from the sampling bias.

Clustering STs into several lineages
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A neighbor-joining phylogenetic tree was constructed from the concatenated sequences of the 135 STs with
1000 bootstraps (Fig. 2). Although these STs were clustered into several lineages, most of the bootstrap
supporting values were lower than 50%. This suggested con�icting phylogentic signals, due to frequent
horizontal genetic transfer promoted by homologous recombination, leading to severe incongruence in
phylogeny.

The Bayesian clustering approach implemented in STRUCTURE was used to infer the number of population
units (denoted by K) within the 135 STs tested, yielding a maximal posterior value of K=4. This suggested that
these 135 STs comprised 4 ancestral subpopulations. Accordingly, the 135 STs could be separated into 5
lineages (Fig. 2), designated L1 to L5, which contained 81, 29, 14, 3 and 8 STs respectively. STs assigned to
each of the 8 CCs were interspersed throughout the �ve lineages, suggesting that there was no correlation
between MLST and Bayesian analysis. The split network (Fig. 3) of the 135 STs contained rich parallel links,
which supported the inference of 5 lineages with high frequency of recombination. As shown in Fig. 2 and 3,
L4 to L5 were distantly separated from not only each other but also L1 to L3, while relatively L1 to L3 came
close together. In summary, assignment of 135 STs into 5 lineages, as inferred by STRUCTURE-based Bayesian
clustering, was supported by the neighbor-joining phylogenetic tree and the split network.

High levels of homologous recombination

L3 to L5 were not included in estimation of recombination and linkage disequilibrium (see below) due to their
limited numbers of STs contained. The p-values of Phi test for lineage L1 and L2 and the whole population (all
the 135 STs) were less than 0.0001 (Table 3), indicating that homologous recombination occurred within and
across lineages. The per-site ρ/θ values detected for L1, L2 and the whole population were 2.34, 3.44 and
1.189, respectively (Table 3): i) the recombination frequency was at least 2 times more likely to occur than
recombination within L1 or L2; ii) the recombination rate was almost equal to the point mutation rate across
the whole population; and iii) the recombination frequency within lineages was around 2 times higher than that
across different lineages.

Tendency to linkage disequilibrium

Linkage disequilibrium was estimated with the IA parameter from STs, a statistic that was expected to be zero
when the alleles were in the linkage equilibrium (free recombination). The IA values were 0.0146 (p-
value=0.103), 0.0477 (p-value=0.021) and 0.0433 (p-value < 0.001) for L1, L2 and the whole population,
respectively (Table 3), suggesting a tendency of linkage disequilibrium (non-random association of alleles at
different loci) within and across lineages. Especially, the IA value detected for the whole population was
signi�cantly different from zero, indicating the credible linkage disequilibrium at the whole population level.
Nevertheless, the above detecting IA values were yet relatively low, which was consistent with observation that
evident recombination is occurring within the K. aerogenes population.

Discussion
K. aerogenes is widely distributed in the human gastrointestinal tract and in the environment, where
physiochemical properties greatly change. This requires frequent adaptation of K. aerogenes to its niches. K.
aerogenes strains are genetically diverse and can be assigned into multiple CCs and lineages as detected by
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MLST and Bayesian analysis. Clinical K. aerogenes shows an epidemic population structure (displaying high
levels of recombination occurred more frequently than point mutation), which was distinct from not only a
clonal population (composed of strains derived from a common ancestor that diversi�ed predominantly by
mutation) but a panmictic population (in which recombination occur freely and polymorphic sites are all at
linkage equilibrium) (19-21). This is the �rst report of MLST-based inference of genetic diversity of K.
aerogenes. Further genome sequencing study on a large collection of K. aerogenes isolates will gain a deeper
insight into evolution and epidemiology of this pathogen.

Abbreviations
MLST: multilocus sequence typing; PFGE: pulsed �eld gel electrophoresis; Ka/Ks: non-
synonymous/synonymous rate ratio; STs: sequence types; CCs: clonal complexes; Phi test: pairwise
homoplasy test; IA: index of association; SNPs: single nucleotide polymorphisms
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Table 1
MLST loci and PCR parameters
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Gene Product Primer Primer sequence (5' to 3' @ # $

dnaA Chromosomal replication initiator
protein

KAE-dnaA-F1 CGTAAGCCAAATGCTAAAGTG 56℃ 694 442

KAE-dnaA-R1 GGCAGGCTGTGGTTGGTC

fusA Elongation
factor G

KAE-F1usA-
F1

GTTCTTGATGGTGCGGTAATG 56℃ 915 646

KAE-F1usA-
R1

CATACGCTCCAGAATGATCG

gyrB DNA gyrase subunit B KAE-gyrB-F1 GCGACGGCAAAGAAGACC 56℃ 699 434

KAE-gyrB-R1 CCTGGTTCTTACGGTTACG

leuS Leucyl-tRNA synthetase KAE-leuS-F1 CAATTCCAATGGTGACCCTG 58℃ 882 578

KAE-leuS-R1 CGGTATTGAAGGTCTGACG

pyrG CTP synthase KAE-pyrG-F2 CGTGACCGTCAACATCAAGC 60℃ 488 263

KAE-pyrG-R2 CTTCAATCGGTTTCAACAACA

rplB 50S ribosomal protein L2 KAE-rplB-F1 ATGGCAGTTGTTAAATGTAAAC 58℃ 791 607

KAE-rplB-R1 TCAGTACGCTTGTTGCTGC

rpoB DNA-directed RNA polymerase subunit
beta

KAE-rpoB-F1 GCTACCGTCTGGGCGAAC 58℃ 805 545

KAE-rpoB-R1 TCGTTGGTGAAGAGCGTTTC

   @, annealing temperature; #, length (bp) of PCR amplicon; $, length (bp) of MLST locus. Refer to
http://pubmlst.org/kaerogenes/ for the MLST scheme and data of K. aerogenes.

Table 2
Nucleotide and allelic sequence diversity

http://www.ncbi.nlm.nih.gov/nucleotide/336246508?report=gbwithparts&from=1019450&to=1020271&RID=XRKVV52A014
http://www.ncbi.nlm.nih.gov/nucleotide/336246508?report=gbwithparts&from=1708247&to=1712275&RID=XRM596M0015
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Locus Length
(bp)

Alleles
Number

GC
Content

(%)

No.
of

SNPs

No.
of
tri-

allelic
sites

No. of 
synonymous

sites

No. of 
non-

synonymous
sites

Ka/Ks π Tajima's D

dnaA 442 31 54.8 36 1 35 0 0 0.01712 -0.66668
p-

value>0.10

fusA 646 17 53.1 27 0 20 7 0.104 0.01234 -0.00803
p-

value>0.10

gyrB 434 30 57.4 35 1 33 1 0.007 0.01533 -0.97941
p-

value>0.10

leuS 578 37 56.2 61 5 54 2 0.007 0.02285 -0.60097
p-

value>0.10

pryG 263 13 57.3 12 0 12 0 0 0.01228 -0.6717
p-

value>0.10

rplB 607 10 53.6 9 0 8 1 0.043 0.00297 -1.90129
p-

value<0.05

rpoB 545 18 50.7 16 0 15 1 0.03 0.0063 -1.00165
p-

value>0.10

Conca-
tenated

3515 135 54.5 196 7 177 12 0.019 0.00713 -0.84042
p-

value>0.10

Table 3

Recombination test and estimation

Lineage 
(number of STs included)

Recombination Linkage disequilibrium

phi θ ρ ρ LB 95% ρ UP 95% ρ/θ IA p-value

Whole
population (135)

0 8.97E-03 1.07E-02 7.46E-03 1.42E-02 1.189 0.0433 0

L1 (81) 0 4.65E-03 1.09E-02 9.35E-03 1.24E-02 2.336 0.0146 0.103

L2 (29) 0 4.39E-03 1.51E-02 7.06E-03 2.25E-02 3.441 0.0477 0.021

Additional File
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Additional �le 1. List of all the strains. Show are the background details of all the bacterial strains analyzed in
this study.

Figures

Figure 1

Population snapshot. The population snapshot of the 219 isolates is diagrammed by eBURSTv3 based on
their allelic pro�les (STs; designated Arabic numerals beside the circles). The sizes of the circles are related to
the numbers of strains within each ST. STs with SLV relationship are linked together to form 8 CCs (CC1 to
CC8), 12 doubletons and 75 singletons. The founder and cofounder genotypes are colored blue and black,
respectively
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Figure 2

Diagrams denoting population structure. This �gure is depicted by using iTOL3 (22). Shown are the unrooted
neighbor-joining tree (with the ST numbers) and the STRUCTURE-inferred population structure (the circle
outside of the tree) of the 135 STs based on their concatenated sequences of the 7 MLST loci. The
percentages (≥50%, i.e. bootstrap values) of replicate trees in which the associated taxa clustered together in
the bootstrap test (1000 replicates) are shown next to the tree branches. The branch lengths are ignored for
better visualization of bootstrap values. The background colors for the ST numbers represent the 5 lineages.
For each ST, the proportions of each of the 4 subpopulations yielded by STRUCTURE are represented by
different colors.
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Figure 3

Phylogenetic split network. Shown is the split network of the 135 STs based on their concatenated sequences
of the 7 MLST loci, generated by the neighbor-net method using SplitsTree4.
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