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Abstract:

We sequenced about 930 bp of the dnaJ gene from 15 Legionella pneumophila serogroups and some
other members of the genus Legionella. As L. pneumophila 168 rDNA sequences could not discriminate
between all subspecies and serogroups, we assessed the use of dnaJ gene sequences to differentiate
between Legionella subspecies as well as between L. pneumophila serogroups. Phylogenetic analysis
revealed that drnaJ gene sequences were more variable between the L. pneumophila serogroups than
mip gene and 16S rDNA sequences. By studying 61 strains from 41 species of the genus Legionella, as
well as other genera, we established a PCR method that could amplify 285 bp of dnaJ gene of all L.
pneumophila serogroups. This primer set was more sensitive than mip gene primers and was able to
detect 0.25 ng of purified DNA. We also describe the 16S rDNA primers that were used to detect most
Legionella genus members.
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Legionella pneumophila, the causative agent of Legionnaires’ disease and the type species of the genus
Legionelia, was first recognized in 1976 following an epidemic of acute pneumonia among veterans of the
American Legion in Philadelphia, Pennsylvania, and led to the discovery of a new species and genus (7, 24).
Since then, this genus has become very large with 47 species currently recognized (11, 20, 26). Nonetheless,
the majority of Legionnaires’ disease cases are still attributed to L. pneumophila (6, 23, 28).

Routine biochemical identification methods based on phenotypic properties (biochemical tests,
serotyping) are not applicable to the identification of legionellae due to their poor biochemical activities.
New methods based on molecular techniques have been developed that allow a more reliable characterization
of Legionella strains. Genotyping methods such as ribotyping (9, 15), 165-23S intergenic spacer region PCR
(29), 168 or 55 rRNA gene sequencing (1, 4, 12, 17, 25), macrophage infectivity potentiator (mip) gene
sequencing (27), and randomly amplified polymorphic DNA (RAPD) (21) have been shown to be useful in
classifying isolated strains to the species level.

Dnal, one of the members of the Hsp70 (Heat shock protein) family, co-regulates the activity of heat
shock sigma factor o™ (5, 8, 13, 14). The dnaJ gene has been used for species identification in genus
Mycobacterium (3, 32), and may be a potentially useful gene for the detection and identification of other

pathogenic bacteria.

Materials and Methods

Strains and cultivation. As shown in Table 1, 61 strains of L. pneumophila serogroups 1 — 15, 40
Legionella species and 6 other genera were used in this study. Legionella strains were incubated on buffered
charcoal yeast extract agar plates supplemented with o-ketoglutarate and L-cysteine (e-BCYE) at 37°C in
5% CO, for 3 — 5 days. Bacteria from other genera were incubated on nutrient agar at 28 to 37°C dependmg
on the species for 1 — 3 days.

dnal sequencing and phylogenetic analysis. As only one dna/ sequence from L. pneumophila was
available when this study was initiated, we compared the L. pneumophila dnal sequence with sequences from

other closely- related proteobacteria. Based on this analysis, we designed dnaJ-specific primers to allow



identification of Legionella species. After trying several primers, we finally selected the following primer set:
DN 13 F (forward) primer: 5’- AGCGGGATTATTATGAAC-3’, and New LG-R (reverse) pnmer: 5°-
GACCGGTGTTTCTACAAC-3". The amplicon is about 930 bp.

Amplicon sequences were determined using a DNA Sequencing Kit (BigDye™ terminator V3.0 cycle
sequencing Ready Reaction) (Lot No. 0208111, Applied Biosystems, Tokyo) with forward and reverse
primers and a 3100 genetic analyzer (Applied Biosystems, HITACHI, Fapan). For sequencing reactions, 50
ng purtfied PCR product, 32 pmol primer, and 4 pl BigDye terminator Premix were mixed and adjusted to a
final volume of 20 pl with distilled water. Reactions were run for 25 cycles of 10 seconds at 95°C, 5 seconds
at 50°C, and 4 minutes at 60°C. As a double check, both strands were sequenced. dnaJ gene sequences from
the 15 L. preumophila serogroups and from some Legionella species were compared by multiple alignment
using CLUSTAL W (31). Phylogenetic distances were calculated by the neighbor-joining method (31), with
and without gaps, and their similarities calculated (Tables 2 and 3).

For comparative purposes, we obtained mip gene sequences from the L. pneumophila serogroups (27
and 16S rDNA sequences from some Legionella species as deposited in GenBank by Ratcliff (27), Fry (12),
Hookey (17) and Park (26). After sequence alignment using CLUSTAL W (version 1.7) (31), phylogenetic
distances and similarities were analyzed (Table 2 and Table 3).

Designing PCR detection primer for Leginella spp. and L. pneumophila. With compared sequences
of Legionella, we designed the detective primer set of W 19 forward (dna/) primer, 5'-
AGGTGGTTTTGGCGGATTTGG-3° and W 19 reverse {dnah) primer. 5°-
TGAATTCTGACTTGCCCCATG-3* for Legionella pneumophila, which gave an amplicon of 285 bp. We
also designed primers to amplify the mip gene and 1635 rDNA sequences for comparison: W 3 forward (mip)
primer, 5-GATAAGTTGTCTTATAGCAT-3"; W 3 reverse (mip) primer, 5-
TTTCACTGAAATTAAGTGAA-3; W 8 forward (168 tDNA) primer, 5-AGCATKGTCTAGCTTGCTAG-
37; W B reverse (165 tDNA) primer, 5’-TCCTCCCCACTGAAAGTG-3".

To assess primer sensitivity, purified DNA from L. preumophila GTC 296" (ATCC 33152) was used as
template DNA. For sensitivity for living bacteria, fresh L. preumophila GTC 2967 cells were cultured on o-
BCYE agar plates for 3 days, suspended in distilled water and diluted using a 10-fold gradient. Live cells
were counted by inoculation on o-BCYE agar plates. Dilutions were then used immediately as template
DNA for PCR after boiling for 5 minutes.

Bactenal samples were boiled for 5 minutes and the crude DNA preparations then used as template DNA
for PCR. PCR mixtures contained 0.1 pM each deoxynucleoside triphosphate (dNTP), 0.2 uM each primer, |
U Taq™ polymerase (TAKARA SHUZO CO., LTD, Otsu, Japan) in Ix PCR buffer. Amplification was
carried out in a thermal cycler (GeneAmp® PCR System 9700, PE Applied Biosystems) under the following
conditions: samples were first incubated at 95°C for 5 min, then subjected to 40 cycles of 95°C for 30 sec,
50°C for 30 sec, 74°C for 60 sec, with a final extension at 74°C for 10 min. Amplified DNA was visualized
on 1.5% agarose gels in TAE buffer (400 mM Tris, 10mM EDTA, 200 mM acetic acid) after electrophoresis
at 150 V for approximately 25 min, ethidium bromide staining, and illumination with UV light (33).

Results

Sequence variation among the dnaJ, mip, and 16S rDNA sequences. As shown in Figs. 1 and 2, dna/ and

mip nucleotide sequences from the L. pneumophila serogroups were analyzed by the neighbor-joining



method. dnaJ gene variation among the 15 serogroups ranged from 88.9 to 99.0%, while mip gene variation
ranged from 95.1 to 100%. In particular, mip gene sequences for serogroups 10 and 12,  serogroupsll, 13,
land were identical, while the corresponding dnaJ sequences had 98.8%, 98.2% , 96.1%, 96.5% similarity.

dnaJ sequences from serogroups 4 and 5 that belong to L. pneumophila subspecies pascullei and fraseri,
respectively, were apparently different from the other L. pneumophila subspecies preumophila serogroups
(Fig. 1). However, published mip gene sequences indicated that only serogroup 5, belonging to the subspecies
pascullei, was different from the other L. pneumophila subspecies preumophila serogroups. By mip gene
sequence analysis, serogroup 4, belonging to subspecies fraseri, was within the group of remaining L.
pneumophila subspecies pneumophila serogroups (Figs 1, and 2). This indicated that the dnaJ gene was more
useful in differentiating between of L. pneumophila serogroups than the mip gene.

The dnaJ and 165 rDNA sequences from a number of Legionella species are compared in Table 2. dnaJ/
sequences were more variable than 165 rDNA sequences. Thus, our results suggested that the dna/ gene was
useful tool for species identification of members of the genus Legionella.

Primer specificity. To develop a rapid identification and detection method for L. pneumophila serogroups
and members of the Legionella genus, we evaluated the W 19 (dna/) and W 3 (mip) primer sets for L.
preumophila and the W 8 (165 tDNA) primer set for genus Legionella members. As shown in Table 1, DNA
template from 15 L. pneumophila serogroups were subjected to PCR using the W 19 (dna/) and W 3 (mip)
primer sets. The 285 bp W 19 (dnaJ) and 597 bp W 3 (mip) amplicons are shown in Fig. 3. Other Legionella
species and other water-bome pathogens, such as Acinetobacfer calcoaceticus GIFU 119627, Burkholderia
cepacia GTC 13", Chryseobacterium meningosepticum GTC 8T, Escherichia coli GTC 503", Pseudomonas
aeruginosa GTC 2", and Sphingobacterium spiritivorum GTC 1207, were not amplified by the species-
specific W 19 (dnaJ} and W 3 (mip) primer sets (Table 1).

The W 8 (168 rDNA) primer set was used to detect Legionella genus members. In this study, we used 51
Legionella strains, including 38 species and 2 subspecies of Legionella, as well as 6 species from other
genera as targeting species. As shown in Table 1, the W 8 (16S rDNA) primer set specifically amplified most
members of the Legionella genus (Fig. 3). Acinetobacter calcoaceticus GIFU 11962", Burkholderia cepacia
GTC 137, Chryseobacterium meningosepticum GTC 8", Escherichia coli GTC 503", Pseudomonas
aeruginosa GTC 2" and Sphingobacterium spiritivorum GTC 120" are commonly found in the water
environment and produced no amplified PCR product using the W 8 (168 rDNA) primer set.

When Legionella species were amplified using the W 8 (165 rDNA) primer set, the species L. brunensis
GTC515", L. cherrii GTC 3747, L. israelensis GIFU 113677, L. jamestowniensis GIFU 107417, L. londiniensis
GTC 7417, L. longbeachae GIFU 92457, L. oakridgensis GIFU 100617, and L. waltersii GTC 17377, could not
be amplified. Analysis of the corresponding 16S rDNA sequences deposited in GenBank showed that the 8
species differed at the primer binding sites by 1 to 2 bases. Therefore, new 168 rDNA-specific primer sets
were designed for these species: W 8 forward 1, 5"-AGCACGGACTAGTTTACTAG-3" and W 8§ reverse 1,
5°-TCCTCCCCAACAAAAGTG-3’ for L. oakridgensis; w 8 forward 2, 5'-
AGCATGACCTAGCTTGCTAG-3’, for L. longbeachae; w 8 forward 3, 5-
AGCATGGTCCAGCTTGCTGA-3, for L. israelensis; W 8 forward 5, 5'-AGCATGGTCTAGCTTGCTAG-
3, for L. cherrii; W 8 forward 6, 5’-AGCATTTTCTAGCTTGCTAG-3', for L. jamestowniensis and L.
brunensis, W 8 forward 7, 5’-CGGCGCATTCTGCTTGCTAG-3’, for L. londiniensis; and W 8 reverse 2, 5°-
TTCGGGAACACTGATACAGGTG-3’, for L. waltersii. Use of these primers allowed amplification of 16s
1DNA from all species tested.



Primer sensitivity, While the minimal DNA concentration detected by the W 3 (mip) prime: set was 2.5
ng, the minimal concentration detected by the W 19 (dnaf) primer set was 0.25 ng (Fig 4). When live L.
pneumophila GTC 296" cells were used as template for PCR after 5 minutes boiling, the minimal colony
forming unit (CFU) in the PCR solution detected by the W 3 (mip) primer set was 1000 compared to 100
CFU for the W 19 (dnaJ) primer set.

Discussion

Although 168 rDNA sequencing is one of the most common methods of bacterial identification, 11 cannot
be used to differentiate between L. pneumophila serogroups 1 to 15 due to the very high degree of similarity
between their 16s rDNA sequences.

The dnaJ gene is conserved in Eubacteria and Eucarya (2, 22). Dnal, an Hsp 40 homolog, triggers the
hydrolysis of DnaK-bound ATP, converting DnaK from its ATP-bound low-affinity state to its ADP-bound
high-affinity state (16, 18). The dna/ gene has been used as a highty effective tool to discriminate between
species or subspecies. Bhattacharya (3) used part of the dna/ gene to identify Mycobacterium species. In the
present study, we first focused on dnat gene analysis of L. pneumophila serogroups 1 to 15. We also assessed
the use of the mip gene that has been used to discriminate between L. longbeachae and some other Legionella
species (10, 19, 30) and between L. preumophila serogroups (27).

Anatysis of DNA sequences from the 15 L. pneumophila serogroups revealed that the variation between
the dnaJ genes was higher than between the mip gene sequences (Table 2). The average genc variation
between genus Legionella species was 94.9% + 4.9% (from 88.9% to 99.2%) for the dnaJ gene, but 98.6% *
3.5% (from 95.1% to 100.0%) for the mip gene. Thus, it appeared that dnat gene sequences would more
easily discriminate between the L. pneumophila serogroups 1 to 15 than the mip gene, and we hypothesized
that the dnaJ gene was a suitable target for PCR-based identification of legionellae. Therefore, we designed
species-specific and genus-specific primer sets to allow the identification of Legionella species, and
demonstrated that the drnat gene was indeed a better target compared to the mip gene.

We designed the specific primer sets W 3 to amplify a 597 bp fragment of the L. pneumophila mip gene,
W80 amﬁlify a 380 bp fragment of Legionella genus 16S rRNA, and W 19 to amplify a 285 bp fragment of
the L. pneumophila dnalJ gene. The W 3 (mip) and W 19 (dnaJ) primer sets specifically amplified L.
pneumophila sequences. Both of L. pneumophila-specific primer set W 19 (dnaJ) and W 2 (mip) L
pneumophila-specific poimer set (Fig. 3) didn’t amplify Legionella species other than L. pneumophila. The
Legionella genus-specific primer set W 8 (165 rDNA) also worked for most pathogenic Legionella (Table 1}).

The annealing temperatures between the two Legionella species-specific primer sets were ditferent,
being 50 °C for the W 3 (mip) primer set compared to 57 °C for the W 19 {dnaJ) primer set. When the
annealing temperature was decreased to 50 °C for amplification using the W 19 (dna/) primer set, L. - -
pneumophila serogroups 4 (GIFU 9246), 5 (GTC 297), 14 (GTC 806), and 15 (GTC 807) were amplitied as
two amplicons.

Both the W 19 (dnaJ) and W 3 (mip) primer sets were designed to be L. preumophila-specific. As shown
in Fig 4, the W 19 (dnaJ) primer set was more sensitive than the W 3 (mip) primer set, such thai the W 3
(mip) primer set could detect 2.5 ng purified DNA and 1000 CFU L. pneumophila GET 296" in a PCR
reaction, whereas the W 19 (dnaJ) primer set could detect 0.25 ng purified DNA and 100 CFU L



pneumophila GET 296.

In conclusion, the species-specific W 19 (dnaf) primer is recommended for the detection of serogroups
of L. pneumophila. For the detection of the members of the genus Legionella, nine different primer mixtures
to amplify 165 rDNA gene is recommended.

Because of their poor biological activities, biochemical identification of members of the genus
Legionella is not possible. Molecular identification, such as,chromosomal DNA/DNA hybridization and 168
rDNA sequencing are only available methods. Chromosomal DNA/DNA hybridization is a demanding
method and only used by taxonomists for classification. Identification by small ribosomal DNA sequencing
is becoming a relatively easy method for microbiologists at research laboratories. However, the sequencing is
still difficult to introduce as a routine method at clinical laboratories. Furthermore, the variation of 16S
tDNA among members of the genus Legionella is not variable enough for their species identification.
Variation found in dnaJ gene gives enough information for species identification of the members of the
genus Legionella. In near future, OligoDNA microarray designed from dnaJ sequences would be a powerful
candidate to identify species of the genus Legionella without sequencing.
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Table 1. Amplification of Legionella species with mip, dnaJ and 165 rDNA primers

Specie Other name W3 (mip) WB(16SDNA WIO (dnal}
Legionella pneumophila Serogroup 1 GTC 745 ATCC 33153 + + +
Legionella preumophila  Serogroup 2 GTC 746 ATCC 33154 + + +
Legionella pneumophila  Serogroup 3 GTC 747 ATCC 33155 + + +
Legionella pnewmophila  Serogroup 4 GIFU 9246 ATCC 33156 + + +
Legionella pnenmophila  Serogroup 5 GTC 297 ATCC 33216 + + +
Legionella pneumophila  Serogroup 6 GTC 748 ATCC 33215 + + +
Legionella pneumophila  Serogroup 7 GTC 750 ATCC 33823 + + +
Legionella pneumophila  Serogroup 8 GTC 751 ATCC 35096 + + +
Legionella pneumophila  Serogroup 9 GTC 754 ATCC 35289 + + +
Legionella preumophila  Serogroup 10 GTC 757 ATCC 43283 + + +
Legionella pneumophila  Serogroupl! GTC 756 ATCC 43136 + + +
Legionella pneumophila  Serogroup 12 GTC 804 ATCC 43250 + + +
Legionella pneumophila  Serogroup 13 GTC 805 ATCC 45756 + + +
Legionella pneumophila  Serogroup 14 GTC 806 ATCC 43730 + + +
Legionella pneumophila Serogroup 15 GTC 807 ATCC 35251 + + +
Legionella adelaidensis GTC 6977 ATCC 35292 - +
Legionella anisa GTC 464" ATCC 35292 - +
Legionella birminghamensis GIFU 117497 ATCC 43702 - +
Legionella bozemanii GIFU 91417 ATCC 33217 - + -
Legionella brunensis GTC 5157 ATCC 43677 - +a
Legionella cherrii GTC 374" ATCC 35252 - +b
Legionella cincinnatiensis GTC 4777 ATCC 43753 - +
Legionella dumoffii GIFU 9244 ATCC 33343 - + -
Legionella erythra GIFU 117487 ATCC 35303 - + -
Legionella fairfieldensis GTC 6987 ATCC 49588 - + -
Legionella feeleii GTC 3227 ATCC 35072 - +
Legionella geestiana GTC 7037 ATCC 49504 - +
Legionella gormanii GTC 3007 ATCC 33297 - +
Legionella gratiana GTC 6997 ATCC 49413 - +
Legionella hackeliae GIFU 107407 ATCC 35250 - +
Legionella israelensis GIFU 113677 ATCC 43119 - 4C
Legionella jamestowniensis GIFU 107417 ATCC 35298 - +d
Legionella jordanis GIFU 31937 ATCC 33623 - +
Legionella londiniensis GTC 7417 ATCC 49505 - +e
Legionella longbeachae GIFU 92457 ATCC 33462 - +f -
Legionella micdadei GTC 2997 ATCC 33218 - + -
Legionella moravica GTC 5137 ATCC 49180 - + -
Legionella nautarum GTC 7427 ATCC 49506 - + -
Legionella oakridgensis GIFU 100617 ATCC 33761 - +g -
Legionella parisiensis GTC 4447 ATCC 35299 - + -
Legionella preumophila subsp. fraseri GTC 3027 ATCC 33156 + + +
Legionella pneumophiia subsp. pneumophila GTC 2967 ATCC 33152 + + +
Legionella pneumophila subsp pascullei GTC 7027 ATCC 33737 + + +
Legionella quateirensis GTC 743% ATCC 49507 - + -
Legionella quinlivanii GTC 5127 ATCC 43830 - + -
Legionella rubrilucens GIFU 107437 ATCC 35304 - + -
Legionella sainthelensi GIFU 103927 ATCC 35248 - + -
Legionella santicrucis GIFU 117467 ATCC 35301 - + -
Legionella shakesparei GTC 7017 ATCC 49655 - + -
Legionella spiritensis GIFU 111997 ATCC 35249 - +
Legionella steigerwaltii GIFU 11747 ATCC 35302 - +
Legionella tucsonensis GTC 5167 ATCC 43878 - +
Legionella wadsworthii GIFU 100627 ATCC 33877 - +
Legionella waltersii GTC 17377 DSM 10501 - +h
Legioneila worsleiensis GTC 7447 ATCC 49508 - +
Acinetobacter calcoaceticus GIFU 119627 ATCC 23055 - -
Burkholderia cepacia GTC 13° ATCC 25416 - - -
Chryseobacterium meningosepticum GTC &7 ATCC 13253 - - -
Escherichia coli GTC 5037 ATCC 11775 - - -
Pseudomonas aeruginosa GTC 27 ATCC 10145 - - -
Sphingobacterium spiritivorum GTC 120 ATCC 33461 - - -
+: PCR positive
-: PCR negative
a: L. bruensis was amphlied using W ¥ forward 6 and W ¥ reverse primers.
b: L. cherrii was amplified using W 8 forward 5 and W ¥ reverse primers.
c: L . israelensis was amplified using W 8 forward 4 and W 8 reverse primers,
d: L. jamestowniensis was amplified using W 8 forward 6 and W ¥ reverse primers.
e: L. londiniensis was amplitied using W 8 forward 7 and W 8 reverse primers,
f: L. longbeachae was amplitied using W 8 forward 2 and W 8 reverse primers.
g: L. oakridgensis was amplified using W 8 forward 1 and W 8 reverse | primers.
h: L. waltersii was amplified using W 8 forward and W 8 reverse 2 primers,
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Figure 1. Phylogenetic tree of L. pneumophila
serogroups by dna/ gene nucleotide sequence.
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Figure 2. Phylogenetic tree of L.
pneumophila serogroups by mip gene
nucleotide sequence.
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Figure 3. Primer specificity for Legionella spp.

Figure 4. Primer sensitivity for Legionella pneumophila GTC 2967
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