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Abstract
Three Legionella-like strains, designed km488T, km489 and km521, were isolated from freshwater samples in China. Cells
were Gram-stain-negative, rod-shaped and non-spore-forming. Growth was observed on BCYEa agar, but not on BCYEa agar
without L-cysteine, chocolate agar with PolyViteX or Columbia blood agar. The major fatty acids (>5 %) of strains km488T,
km489 and km521 were C16 : 0, anteiso-C15 : 0, iso-C16 : 0 and anteiso-C17 : 0. The mip gene sequences (574 nt) showed the
isolates were almost identical with more than 99.7 % sequence similarities, and closely matched to L. gormanii ATCC 33297T
with 95.4–95.6 % sequence similarities. Phylogenetic analyses based on concatenated gene (16S rRNA, mip, rpoB and rnpB)
sequences indicated that the isolates formed a distinct cluster along with L. gormanii within the genus Legionella. Matrixassisted laser desorption ionization time-of-flight analyses also demonstrated a clear separation between the isolates and
other closely and distantly related Legionella species. DNA–DNA hybridization studies demonstrated that the isolates were
closely related (92.0 –95.0 % DNA-DNA relatedness) but differentiated from their phylogenetic neighbours (<70 % DNA–DNA
relatedness). The whole genome of km488T was sequenced, and showed a G+C content of 37.8 mol%. Based on the findings
from this polyphasic taxonomic study, the isolates are considered to represent a single novel species, for which the name
Legionella qingyii sp. nov. is proposed. The type strain is km488T (KCTC 15636T=CCTCC AB 2018025T=NRBC 113223T).

Members of the genus Legionella are generally considered as
fastidious facultative intracellular agents that can cause a
type of pneumonia termed Legionnaires’ disease [1, 2].
They are found widely in natural and man-made water,
moist soil and single-celled protozoa as natural hosts and
reservoirs [3–5]. With the development of co-culture techniques, species of the genus Legionella are increasingly being
reported both from environmental and from clinical samples. At the time of writing, more than 61 species and three
subspecies have been characterized in the genus Legionella
[6], of which around 30 species have been reported as
human pathogens [7–9]. To determine the diversity of the
genus Legionella in China, water samples were collected
from different ecological niches from 2002 to 2015. According to our earlier protocol [10], the samples were preenriched at 35  C for 72 h, then concentrated by centrifugation and treated with acid buffer solution (pH 2.2) for
10 min at room temperature, and finally cultured on a
90 mm Petri dish containing buffered charcoal yeast extract
medium supplemented with a-ketoglutaric acid (BCYEa)

agar supplemented with dyes, glycine, vancomycin and
polymyxin (DGVP) at 35  C under a 5 % CO2 atmosphere
for 7 days. From among the strains isolated, three bacteria,
designated strains km488T, km489 and km521, with nearly
identical 16S rRNA gene and mip gene sequences, were
characterized using a polyphasic taxonomic approach.
Strains km488T and km489 were isolated from freshwater
samples collected from Majiagou River of Harbin city (126
39¢ E 45 33¢ N), Heilongjiang Province, China, in August
2013. Strain km521 was isolated from a lake water sample
collected from South Lake Park of Shenyang city (122 53¢ E
41 45¢ N), Liaoning Province, China, in August 2013.
Those isolates were subcultured at 35  C under a 5 % CO2
atmosphere and stored at 80  C in a glycerol suspension
(30 % in distilled water, w/v).
For phylogenetic characterization, genomic DNA from
strains km488T, km489 and km521 was extracted using a
TIANamp Bacteria DNA kit (Tiangen Biotech) according to
the manufacturer’s instructions. PCR was performed to
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Fig. 1. Maximum-likelihood dendrogram based on the consensus sequence of the 16S rRNA, mip, rpoB and rnpB genes of sequenced
type strains of the genus Legionella. Bootstrap values based on 1000 calculations are shown. Bar, 0.01 substitutions per site. Accession
numbers for all sequences included in the phylogenetic analysis are listed in Table S2.

amplify the 16S rRNA gene [11], macrophage infectivity
potentiator (mip) gene [12], RNA polymerase beta subunit
(rpoB) gene [13] and RNase P RNA (rnpB) gene [14]. After
purification, the 16S rRNA gene amplicon was cloned via a
pMD18T Vector Cloning Kit (TaKara) according to the
manufacturer’s instructions. Sequencing of the screened 16S
rRNA gene clones and other positive PCR products was performed with an Applied Biosystems automatic sequencer
(ABI 3730XL). Comparative sequence analysis was performed using the BLAST program (http://blast.ncbi.nlm.nih.
gov/Blast.cgi). Phylogenetic dendrograms of the four genes
were generated with the maximum-likelihood [15] and
neighbour-joining methods [16] by using the software package MEGA version 7.0 [17].
The sequencing results allowed the determination of partial
sequences for the 16S rRNA (1517 nt), mip (574 nt), rpoB
(153 nt) and rnpB (286 nt) genes (Table S1, available in the
online version of this article). In mip gene sequence analyses, the isolates were nearly identical, sharing more than
99.7 % sequence similarity, and were most closely related to
Legionella gormanii ATCC 33297T at 95.4–95.6 % sequence

similarity. According to the previous description of 3.6–
30.5 % interspecies variation of mip gene sequences [12], the
three new isolates thus represented a possible novel species
in the genus Legionella. Phylogenetic analyses based on
concatenated gene (16S rRNA, mip, rpoB and rnpB) sequences also showed that the isolates formed a distinct cluster
along with L. gormanii within the genus Legionella (Fig. 1).
The topologies of the individual gene trees also supported
the consensus assignment of these three strains and L. gormanii as different taxa. (Figs S1–S4)
Growth characteristics were observed on BCYEa agar [18],
BCYEa agar without L-cysteine, chocolate agar with PolyViteX and Columbia blood agar. Growth at different temperatures (25, 28, 30, 32, 35, 37 and 42  C) was tested on BCYEa
agar. Pure cultures grown on BCYEa agar medium at 35  C
for 3 days were used for the observation of cellular morphology and other biochemical tests. Morphological features
were investigated by using transmission electron microscopy (TEM-1230; JEOL). Spore formation was observed by
phase-contrast microscopy and cell motility was tested
under a dark field microscope. Gram staining was carried
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Table 1. Differential characteristics between the novel strains and related members of the genus Legionella
Strains: 1, km488T; 2, km489; 3, km521; 4, L. gormanii; 5, L. anisa; 6, L. dumoffii; 7, L. parisiensis; 8, L. bozemanae; 9, L. tucsonensis; +, positive; W,
weakly positive; , negative; NA, no data; BW, blue-white. All strains were positive for catalase, b-lactamase, gelatinase, alkaline phosphatase, leucine
arylamidase, acid phosphatase and naphthol-AS-BI-phosphohydrolase. All strains were negative for oxidase, glucose fermentation, hippurate hydrolysis, urease, nitrate, lipase, a-chymotrypsin, a-galactosidase, b-galactosidase, b-glucuronidase, a-gucosidase, N-acetyl-b-glucosaminidase, a-mannosidase and a-fucosidase.
Characteristic

1

2

3

4

5

6

7

8

9

Origin

Water,
river

Water, river

Water, lake

Soil, creek
bank

Potable and
environmental
water

Pleural fluid

Water,
cooling
tower

Blood,
human

Pleural
fluid,
human

Autofluorescence

+(BW)

+(BW)

+(BW)

+(BW)

+

+

+

W

W

W

+(BW)

+(BW)

+(BW)

+(BW)

Esterase (C4)

+

+

+

+

+

Esterase lipase

W

W

W

W

W

+

Valine
arylamidase
Cystine
arylamidase
Trypsin
arylamidase
Major fatty acids
(>5 %)

+

+

+

+

+

+

W

W

W

W

W

W

G+C content
(mol%)*

+(BW)/

+
W

+

+

+
C16 : 0,
anteisoC15 : 0, isoC16 : 0,
anteisoC17 : 0
37.8

C15 : 0, C16 : 0,
anteiso-C15 : 0,
iso-C16 : 0,
anteiso-C17 : 0,
C17 : 0 cyclo

C15 : 0, C16 : 0,
anteisoC15 : 0, isoC16 : 0,
anteisoC17 : 0

C16 : 0,
anteiso-C15 : 0,
iso-C16 : 0,
anteiso-C17 : 0,
C17 : 0 cyclo

C16 : 0, iso-C14 : 0,
anteiso-C15 : 0,
iso-C16 : 0,
anteiso-C17 : 0,
C17 : 0 cyclo

C16 : 0,
anteiso-C15 : 0,
iso-C16 : 0,
anteiso-C17 : 0,
C17 : 0 cyclo

NA

NA

38.0

38.2

39.5

C16 : 0,
anteisoC15 : 0, isoC16 : 0,
C17 : 0
cyclo
38.0

C16 : 0,
anteiso-C15 : 0,
iso-C16 : 0,
anteiso-C17 : 0,
C17 : 0 cyclo
37.9

anteisoC15 : 0,
isoC16 : 0,
anteisoC17 : 0
37.4

*Data from genome information.

out by using a Baso Gram Staining Kit for microscopy.
Autofluorescence was measured by excitation at a wavelength region near 366 nm by using a Woods lamp [19].
Formation of a brown, water-soluble pigment was observed
on cultures on tyrosine-containing yeast extract agar [19].
Biochemical tests for gelatinase, urease, nitrate reduction,
catalase, hippurate hydrolysis and glucose fermentation
were performed as described previously [19]. Oxidase was
tested by using a test paper containing tetramethyl-phenylenediamine dihydrochloride (bioMerieux), and b-lactamase
activity was tested via cefinase discs (bioMerieux). Other
enzyme activities were determined using API ZYM kits
(bioMerieux) as described previously [20]. Tests using
related type strains of the genus Legionella based on phylogenetic analysis of the concatenated genes (Fig. 1), namely
L. gormanii ATCC 33297T, L. bozemanae ATCC 33217T, L.
anisa ATCC 35292T, L. tucsonensis ATCC 49180T, L. parisiensis ATCC 35299T and L. dumoffii ATCC 33279T, were
also performed for comparison.
Cells of strains km488T, km489 and km521 were Gramstain-negative, non-spore-forming and motile via flagella.
Transmission electron microscopy revealed that cells of
strain km488T were 0.5–0.71.6–3.2 µm in size (Fig. S5).
Growth was observed at 25–42  C (optimum 35  C) on
BCYEa agar, but not on BCYEa agar without L-cysteine,

chocolate agar with PolyViteX or Columbia blood agar. Colonies were circular, with an approximate diameter of 1 mm
on BCYEa agar after 7 days of incubation at 35  C. Bluewhite autofluorescence was observed under the Woods
lamp. A brown diffusible pigment was observed on TS-BYE
agar after incubation at 35  C for more than 3 days. Strains
km488T, km489 and km521 were positive for catalase, gelatinase and b-lactamase activities but negative for oxidase,
urease, nitrate, hippurate and glucose fermentation. In API
ZYM tests, they were positive for alkaline phosphatase,
esterase, leucine arylamidase, valine arylamidase, acid phosphatase and naphthol-AS-BI-phosphohydrolase activities,
and weakly positive for esterase lipase, lipase and cysteine
arylamidase. Differential characteristics between the novel
strains and related type strains are listed in Table 1.
For determination of chemotaxonomic characteristics, cells
were harvested from cultures grown on BCYEa agar for
72 h at 35  C under a 5 % CO2 atmosphere. Cellular fatty
acid methyl ester profiles were determined by GC (7890B;
Agilent) according to the standard protocol of the Microbial
Identification System (MIDI) with TSBA 6 database (version 6.2). The major fatty acids (>5 %) of strains km488T,
km489 and km521 were C16 : 0, anteiso-C15 : 0, iso-C16 : 0 and
anteiso-C17 : 0 (Table 2). This fatty acid methyl ester profile
is very similar to that of the genus Legionella, which was
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Table 2. Cellular fatty acid compositions of strains km488T, km489, km521 and closely related strains of the genus Legionella
Strains: 1, km488T; 2, km489; 3, km521; 4, L. gormanii ATCC 33297T; 5, L. dumoffii ATCC 33279T; 6, L. anisa ATCC 35292T; 7, L. parisiensis ATCC
35299T; 8, L. bozemanae ATCC 33217T; 9. L. tucsonensis ATCC 49180T. All data are from this study. Values are percentages of the total fatty acids. –,
Not detected.
Fatty acid

1

2

3

4

5

6

7

8

9

Saturated straight-chain
C14 : 0

2.0

0.4

0.8

–

–

–

1.7

–

–

C15 : 0

3.3

6.6

7.8

2.3

1.5

2.1

1.7

2.2

–

C16 : 0

8.3

8.0

16.4

9.6

8.4

7.8

15.9

10.4

1.8

C17 : 0

4.8

5.0

4.1

3.6

2.8

2.3

2.3

3.6

1.6

C18 : 0

1.9

1.2

1.3

1.5

0.9

1.4

2.3

1.7

1.3

C19 : 0

–

1.6

1.0

–

–

–

–

–

–

C20 : 0

–

0.8

–

0.7

–

0.7

1.0

0.75

–

iso-C14 : 0

2.9

2.7

1.6

4.3

2.5

5.5

3.3

3.1

3.6

iso-C15 : 0

–

0.7

0.6

–

–

–

–

–

–

anteiso-C15 : 0

25.9

26.3

23.2

22.1

29.6

24.4

22.6

28.7

35.6

iso-C16 : 0

14.5

12.4

5.6

19.4

13.9

23.7

14.4

14.5

16.6

iso-C17 : 0

–

0.9

0.8

0.7

–

1.4

–

1.5

0.6

13.8

11.7

6.9

9.9

13.9

7.0

–

10.3

11.6

1.0

1.9

–

1.1

1.7

–

0.8

Saturated branched-chain

anteiso-C17 : 0
Unsaturated/hydroxy
C15 : 1!6c

1.8

3.1

3.5

2.1

C16 : 1!5c

–

0.9

1.5

–

4.8

6.6

4.7

9.6

10.4

8.8

7.5

11.8

4.2

–

–

0.5

–

–

–

–

–

–

C17 : 0 cyclo
C18 : 1!7c

characterized as branched-chain fatty acids and a few
hydroxyl fatty acids [21].
To differentiate the proposed novel species from related
Legionella strains, matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) fingerprints of these
three strains were analysed along with selected Legionella
strains. The fresh biomass of all strains was obtained after
incubation on BCYEa agar at 35  C under a 5 % CO2 atmosphere for 3 days. Preparation of the sample and protein
extraction were performed as described previously [22].
Calibration and qualification were performed using
Escherichia coli DH5a, and the measurements were carried
out using an Autof ms 1000 (Autobio) according to the
manufacturer’s instructions. The dendrogram based on
whole-cell MALDI-TOF mass spectra (Fig. 2) also demonstrated a clear separation between the new isolates and
closely and distantly related Legionella species.
DNA–DNA hybridization (DDH) studies with closely
related strains were performed by the fluorometric DDH
method in microdilution wells as previously described [23,
24]. Hybridization analysis showed that the mean value
between strains km488T, km489 and km521 was 93.5
±1.5 %, which indicated that the strains were members of
the same species. Relatedness values between the novel species and L. gormanii ATCC 33297T, L. dumoffii ATCC
33279T, L. cherrii ATCC 35252T, L. anisa ATCC 35292T
and L. parisiensis ATCC 35299T were only 26.35 % (±0.30),

23.42 % (±0.23), 23.23 % (±1.85), 18.16 % (±1.60) and
14.92 % (±0.29), respectively. All those values were well
below the 70 % cut-off for species delineation and supported
the suggestion that the isolates represented a novel species
[25].
Whole genome sequencing on the randomly selected isolate
km488T was performed using Nextseq Technology (Illumina) with the mate pair strategy. Minimum coverage was
600 and quality was 30. Automated cluster generation and
sequencing runs were performed using a 2300 bp library.
Illumina reads were trimmed using Trimmomatic [26], then
assembled using Velvet software [27]. Contigs obtained
were combined using SSPACE [28] and clustering by Cd-hit
software [29]. The draft genome was annotated using the
Prokaryotic Genomes Annotation Pipeline in the NCBI.
The G+C content of the genomic DNA and average nucleotide identity (ANI) were calculated by the online Ribocon
GmbH - Version: 3.0.20 software (http://jspecies.ribohost.
com/jspeciesws/#analyse). This Whole Genome Shotgun
project of strain km488T has been deposited at DDBJ/ENA/
GenBank under accession QHJG00000000 (QHJG01000001
-QHJG01000098). The version described in this paper is
version QHJG01000000. Sequences of related taxa were
obtained from the GenBank database.
The genome of strain km488T was 5 241 559 bp long, with
G+C content of 37.8 mol% computed from the draft genome
sequence, which was consistent with the G+C content of the
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Fig. 2. Dendrogram based on whole-cell MALDI-TOF mass spectra of strains km488T, km489 and km521 and related strains of other
species of the genus Legionella.

genus Legionella [19, 30]. The genome consisted of 99 scaffolds (composed of 216 contings). Of the 4129 predicted
genes, 3955 were protein-coding genes, and 44 were RNAs
(one 5S rRNA, one 16S rRNA, one 23S rRNA and 41 tRNA
genes). ANI values between strain km488T and L. gormanii
ATCC 33297T, L. bozemanae ATCC 33217T, L. anisa
ATCC 35292T, L. tucsonensis ATCC 49180T, L. parisiensis
ATCC 35299T and L. dumoffii ATCC 33279T were 91.9,
85.6, 85.3, 85.2, 85.0 and 84.0 %, respectively (Table S3),
which supported the suggestion that the three isolates represented a novel species, based on ANI values of 95 % corresponding to the traditional 70 % DNA–DNA reassociation
as the current species definition [31].
Based on the above described phylogenetic, phenotypic,
chemotaxonomic and genomic sequencing results, it was
concluded that three strains represent a novel species of the
genus Legionella, for which the name Legionella qingyii sp.
nov. is proposed.

DESCRIPTION OF LEGIONELLA QINGYII SP.
NOV.
Legionella qingyii (qing.yi¢i. N.L. masc. gen. n. qingyii pertaining to the Chinese microbiologist Qingyi Zhu, who performed pioneering work on legionellosis in China).
Cells are Gram-stain-negative rods that require L-cysteine
for growth. Motile with the presence of flagella. Grows at
temperatures between 25 and 42  C (optimal at 35  C).

Positive for catalase, gelatin liquefaction and b-lactamase.
Negative for oxidase, urease, nitrate, hippurate and glucose
fermentation. In API ZYM tests, positive for alkaline phosphatase, esterase, leucine arylamidase, valine arylamidase,
acid phosphatase and naphthol-AS-BI-phosphohydrolase
activities, weakly positive for esterase lipase, lipase and cysteine arylamidase, but negative for trypsin, a-chymotrypsin,
a-galactosidase, b-galactosidase, b-glucuronidase, a-glucosidase, N-acetyl-b-glucosaminidase, b-glucosidase, a-mannosidase and a-fucosidase. Major cellular fatty acids are
branch-chain.
The type strain, km488T (=KCTC 15636T=NRBC 113223T
=CCTCC AB 2018025T), was isolated from lake water collected from China. The G+C content of the type strain is
37.8 mol% (genome).
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