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Universal primers targeting conserved sequences flanking the 3’ end of the 16S and the 5’ end of the 23S
rRNA genes (rDNAs) were used to amplify the 16S-23S rDNA internal transcribed spacers (ITS) from eight
species of pseudomonads which have been associated with human infections. Amplicons from reference strains
of Pseudomonas aeruginosa, Pseudomonas cepacia, Pseudomonas gladioli, Pseudomonas mallei, Pseudomonas men-
docina, Pseudomonas pickettii, Pseudomonas pseudomallei, and Xanthomonas maltophilia were cloned from each
species, and sequence analysis revealed a total of 19 distinct ITS regions, each defining a unique sequevar with
ITS sizes ranging from 394 (P. cepacia) to 641 (P. pseudomallei) bp. Five distinct ITS sequevars in P. cepacia,
four in P. mendocina, three in P. aeruginosa, two each in P. gladioli and P. pseudomallei, and one each in P. mallei,
P. pickettii, and X. maltophilia were identified. With the exception of one P. cepacia ITS, all ITS regions contained
potential tRNA sequences for isoleucine and/or alanine. On the basis of these ITS sequence data, species-
specific oligonucleotide primers were designed to differentiate P. aeruginosa, P. cepacia, and P. pickettii. The
specificities of these primers were investigated by testing 220 clinical isolates, including 101 strains of P.
aeruginosa, 103 strains of P. cepacia, and 16 strains of P. pickettii, in addition to 24 American Type Culture
Collection (ATCC) Pseudomonas strains. The results showed that single primer pairs directed at particular
ITSs were capable of specifically identifying the ATCC reference strains and all of the clinical isolates of P.
aeruginosa and P. pickettii, but this was not the case with several ITS-based primer pairs tested for P. cepacia. This
pathogen, on the other hand, could be specifically identified by primer pairs directed against the 23S rDNA.

Amplification-based methods are having a significant impact
on the identification and detection of microorganisms in the
field of diagnostic microbiology. Diagnostic oligonucleotide
primers may target a wide variety of nucleic acid sequences,
and attention has recently focused on the internal transcribed
spacer (ITS) of the genes coding for 16S-23S rRNA (16S-23S
rDNA), both for bacterial identification and detection appli-
cations (3, 8, 10) and for discrimination of clinical isolates
within a species (11, 14).

In prokaryotes, the rRNA operon (rrn) contains 16S, 23S,
and 5S rDNAs, and multiple 7z loci are frequently observed
(12). The rRNA genes commonly occur in the order 16S-23S-
5S, although there are frequent exceptions, and variations in
the extent of repetition, arrangement, and linkage do occur
among rrn loci. ITS length polymorphisms occur if the spacing
that separates these genes varies and also if the ITS loci differ
with respect to the number and type of tRNA genes contained
within this region. Examples of this variability include Bacillus
subtilis, with 10 rrn loci (12), and slowly growing species of
Mycobacterium (5) and some Mycoplasma spp. (12) with only a
single rm locus. Of the pseudomonads, Pseudomonas aerugi-
nosa has four rRNA operons organized in pairs of inverted
repeats (19).

Although some investigators have attempted to use 16S
rDNA sequence differences to differentiate bacteria at the
genus and species levels (16), the 16S rDNA sequences have
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been found to be quite invariant when closely related organ-
isms are compared and therefore they are not generally con-
sidered optimal targets for the development of differentiative
species-specific probes. Barry et al. (3), however, demonstrated
significant sequence heterogeneity in the 16S-23S rDNA ITSs
in three Clostridium spp. and suggested that species-specific
probes could be developed by targeting variable sequences in
this region. In addition, 16S-23S rDNA ITS sequences were
recently reported to be much more variable than those of 16S
rDNA in a sequence-based differentiation of Mycobacterium
avium complex, and the investigators were able to identify
potential probe-primer sites for M. avium and Mycobacterium
intracellulare (8).

PCR-based analysis of length polymorphisms in the 16S-23S
rDNA ITS has also been previously suggested as a strategy for
typing clinical isolates of both Pseudomonas cepacia (11) and
Neisseria meningitidis (14). Furthermore, intergenic length
polymorphisms in tRNA spacer regions are reported to have
the potential to classify five species of Staphylococcus (24) and
also to distinguish streptococcal strains and species (13).

In the present study, the rDNA ITSs of eight species of
pseudomonads associated with human infections were cloned
and sequenced in order to compare them and to identify vari-
able sequences in this intergenic region with the prospect of
developing species-specific primers for differentiation pur-
poses.

MATERIALS AND METHODS

Bacterial strains and chemicals. The reference strains selected for this study
were obtained from the American Type Culture Collection (ATCC) and are
listed in Table 1. Clinical isolates of P. aeruginosa (101 specimens from 24
patients), P. cepacia (103 isolates from 65 patients), and Pseudomonas pickettii
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TABLE 1. ATCC reference strains used in evaluating the species specificities of primers targeting the ITS of 16S-23S rDNA

Organism ATCC no.

Organism ATCC no.

Comamonas testosteroni
Pseudomonas aeruginosa....

Pseudomonas alcaligenes....
Pseudomonas allicola....
Pseudomonas caryophylli.
Pseudomonas cepacia

Pseudomonas ditinuta.............c.coeceveveeenneecenneccneneecens
Pseudomonas fluorescens.
Pseudomonas gladioli subsp. gladioli ...

. 19302

Pseudomonas gladioli subsp. allicola .. .
. 23344

Pseudomonas mallei.

Pseudomonas MendOCING ...............ccuecveeeeeveereeeeirereseeesseseesnsenns 25411

Pseudomonas pickettii.................ccucveveeicivenicunenieccninccnnenes 27511
27512

. 17440

Pseudomonas pseudoalcaligenes . .
. 23343

Pseudomonas pseudomallei

... 12633
... 11696
... 17588
. 11426

Pseudomonas putida
Pseudomonas solanacearum
Pseudomonas stutzeri
Pseudomonas vesicularis..

(16 isolates from 16 patients) were collected between 1988 and 1993. With the
exceptions of Pseudomonas mallei and Pseudomonas pseudomallei, all species
were maintained by the National Laboratory for Bacteriology. Bacterial strains
were grown overnight on Columbia blood agar base (Quelabs, Montreal, Que-
bec, Canada) at 37°C in 5% CO,. Competent Escherichia coli DH5a was pur-
chased from Gibco/BRL (Burlington, Ontario, Canada). Custom oligonucleotide
primers, listed in Table 2, were either purchased from GSD Oligos (Toronto,
Ontario, Canada) or synthesized with an ABI 392 DNA/RNA Synthesizer. Re-
striction endonucleases were purchased from Stratagene (La Jolla, Calif.) and
Taq polymerase was purchased from Promega (Madison, Wis.), and they were
used according to the manufacturers’ protocols.

Nucleic acid isolation and PCR amplification of the 16S-23S rDNA ITS. Total
nucleic acids were isolated from all bacterial strains by sodium dodecyl sulfate
lysis followed by phenol-chloroform extraction and ethanol precipitation (20).
Strains of P. mallei and P. pseudomallei were extracted directly from the ATCC
lyophilized vials and were not cultured. Aliquots of 100 ng of total nucleic acids
from each species were amplified in a 50-pl reaction mixture of the following
composition: 200 uM each deoxynucleoside triphosphate, 1 wM primer Al and
A2 or Bl and B2, 2.5 U of Tag polymerase, and 1X reaction buffer supplied by
the manufacturer, with an MgCl, concentration of 1.5 mM. The primer se-
quences used in this study are summarized in Table 2. PCR was performed in a
PE 9600 (Perkin-Elmer Cetus) thermocycler using an initial denaturation of 2
min at 94°C followed by 30 cycles of 30 s at 94°C, 30 s at 68°C, and 1 min at 72°C.
Following amplification, samples were incubated at 72°C for 10 min and then
cooled to 4°C. PCR mixtures were analyzed by electrophoresis in 2% agarose and
stained with ethidium bromide (20). Where indicated, the amplicons were di-
gested with EcoRI and Spel and subsequently purified by using PCR Magic Preps
(Promega) according to procedures recommended by the manufacturer to desalt
and remove excess primers. The amplicons were then cloned into the EcoRI-Spel
site of pBluescript SK* (Stratagene) and transformed into competent E. coli
DH5a. The transformants were selected on Luria broth agar with ampicillin
supplemented with IPTG (isopropyl-B-p-thiogalactopyranoside) and X-Gal (5-
bromo-4-chloro-3-indolyl-B-p-galactopyranoside) to screen for the presence of
inserts according to standard protocols (20). Between 10 and 20 individual clones
were selected for sequence analysis. When multiple inserts of different sizes were
observed, 8 to 12 clones of each size type were selected. The DNA sequences of
the ITSs were determined either manually by using Sequenase version 2.0 (Unit-
ed States Biochemicals, Cleveland, Ohio) or with an ABI 373A automated
sequencer and dye terminator chemistry. Analysis of the ITS sequences was
carried out by using PC/GENE Release 6.6 (IntelliGenetics, Inc., Mountain

View, Calif.), and alignment was performed by using the CLUSTAL program
with final manual adjustment. Sequence polymorphisms were deemed to be real
and not amplification artifacts only if they were identified in more than one
clone. For the purpose of determining homology between the different ITSs, the
sequences corresponding to the 16S and 23S rRNAs of P. aeruginosa were
omitted during the comparison, and the sizes of the fragments given are those of
the ITS region only. Percent homologies were determined by using the NALIGN
program of PC/GENE. The ITSs within each species were designated as follows:
Paer (P. aeruginosa), Pcep (P. cepacia), Pgla (Pseudomonas gladioli), Pmal (P.
mallei), Pmen (Pseudomonas mendocina), Ppic (P. pickettii), Ppse (P. pseudo-
mallei), and Xmal (Xanthomonas maltophilia). Each individual ITS sequevar was
further designated numerically (e.g., Paerl and Paer2).

Design and evaluation of species-specific probes. On the basis of the align-
ment of the various ITS sequences shown in Fig. 1, primers which targeted
unique sequences within P. aeruginosa, P. cepacia, or P. pickettii were designed.
As shown in Table 2, PA1 and PA2 target the P. aeruginosa ITS, PP1 and PP2
target the P. pickettii ITS, and PC1 and PC2 target the 23S rDNA of P. cepacia.
The diagnostic potential and specificities of these primers were estimated by
testing a total of 220 clinical isolates, including 101 strains of P. aeruginosa, 103
strains of P. cepacia, and 16 strains of P. pickettii, in addition to 24 ATCC
reference strains of a variety of Pseudomonas species. PCR conditions were
identical to those used to amplify the ITS region except that the annealing
temperature was reduced to 60°C

Nucleotide seq e acC bers. The ITS sequences have been as-
signed GenBank accession no. 128148 (Paer1) through 128166 (Xmall).

RESULTS

PCR amplification of the 16S-23S rDNA ITS. PCR primers
Al and A2 target conserved sequences flanking the 3" end of
the 16S and the 5’ end of the 23S rDNAs and were designed
from an alignment of the 16S and 23S rDNA sequences from
P. aeruginosa (21, 22) and P. cepacia (7, 9). TDNA ITSs were
amplified in reference strains P. aeruginosa ATCC 19660, P.
cepacia ATCC 25609, P. gladioli ATCC 10248, P. mallei ATCC
23344, P. mendocina ATCC 25411, P. pickettii ATCC 27511, P.
pseudomallei ATCC 23343, and X. maltophilia ATCC 13637.

TABLE 2. Oligonucleotide primers used for amplification of the 16S-23S ITS region of pseudomonads and for identification
to species level of P. aeruginosa, P. cepacia, and P. pickettii

Organism Primer Sequence Target sequence Amplicon size(s) (bp)
Pseudomonas sp. Al GCC CGT CAC ACC ATG GGA G 16S rDNA Various (species dependent)
A2  TCG CCT (G/C)TG (A/G)(A/G)G CCA AGG C 23S rDNA
Pseudomonas sp. Bl CGA CTA CTA GTG CCC GTC ACA CCA TGG GAG 16S rDNA Various (species dependent)

B2 CGA CTG AAT TCT CGC CT(G/C) TG(A/G) (A/G)GC CAA GGC 23S rDNA

P. aeruginosa PA1 TCC AAA CAA TCG TCG AAA GC Paerl and Paer2 ITSs 181
PA2 CCG AAA ATT CGC GCT TGA AC

P. cepacia PC1 GCT GCG GAT GCG TGC TTT GC 23S rDNA 323
PC2 GCC TTC TCC AAT GCA GCG AC

P. pickettii PP1 GGA AGA TGT TCT CTG CCG TGA Ppicl ITS 298

PP2 TCG ATT GCT CTG GTA ATA CT
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16S rRNA
Paer 1 GGT TACCAC T TCATGAC' TCGTAACAAGG' CC: CTGCGGC TGGATCACCTCCT TAATCGARGR 150
Paer 2 150
Paer 3 150
Pmen 1 TTC 150
Pmen 2 TTC 150
Pmen 3 TTCH 150
Pmen 4 TTC 150
ErRE AR AR P K oxkx REERER Wk Rk Ak N RAkEERA Rk RRKRARNREKARARRRRANKRARRELERARARRARER  KERE  ARRKRRRARRARRKRERNEE

Pcep 5 GCCCGTCACACC TT Ci 'GGCTAGTCTARCCGC? 'GGTCACCAC TCATGACTGGGGTGAAGTCGTAACA GCCGTATC GGC 'ACCTCCTTTCCAGAGCT igg
Pgla 2

Pcep 2 150
Poep 3 150
Pcep 4 150
Pgla 1 150
Pmal 1 150
Ppse 1 150
Ppse 2 150
Ppic 1 A-T---C; A-T- A 150
Poep 1 lsrmzmsrosrmroscmans 150

tRNA,,
Paer 1 TCTCAGCTTCTTCATARGC TCCCACACGAATTGCTTGAT TCACTGGTT . AGRCGAT . TBEGGTCTGTAGCTCAGT TGGT TAGAGCGCACCCCTGATAAGG . TGAGGTCGGCAGTTCGAATCTGCCCAGACCC 278
Paer 2 --C . . 278
Paer 3 . . . 278
Pmen 1 CA. T TAGTC TGTAACGCGACCCTGTTAT . A T 299
Pmen 2 CA T TAGTCGA 'TGTAACGCGACCCTGT . A T 299
Pmen 3  CA: T TAGTC! "PTGTAACGCGACCCTGTTAT . A T 299
Pmen 4 CA TAT TAGTC TGTAACGCGACCCTGTTA’ . A T 299
* Aktar Y 2k REERE KRRR R AR ARRERRS
Pcep S ATCT. . CGC. GARGTTGAGCGC TCACGCT TATCGGC TGTAAATTAARAGACAGACTCAG. . BGGTCTGTAGCTCAGTCGGT TAGAGCACCGTC T TGATAAGGCGGGGGTCG TTGGTTCGAATCCARCCAGACCC 278
Pgla 2 AC--- 277
Péep 2 278
Pcep 3 278
Pcep 4 278
Pgla 1 P . 278
Pmal 1 . 279
Ppse 1 . 279
Ppse 2 . 279
Ppic 1 + ~=~AG~---TC---A-————===T-TGTTTGATGTT~---C-AA T A A T 275
Ppec 1 —mmms.-—- TG-—-. ces Y DN e etereiseei e e eeneaeisan ey . 199
tRNA,,
Paer 1 + + . TTGGTGTGCTGCGTGATCCGATACGGGC CATAGC TCAGC TGGGAG AGC GCCTGCT TTGCACGCAGGAGGTCAGGAGTTCGATCCTCCT TGGC TCCACCATCCAAR . CAATCGTCG « 400
Paer 2 . . . 400
Paer 3 T--~A: sen 401
Pmen 1 G- TCTCTACGTGTTGCH 423
Pmen 2 TCTCTACGTGTTGC 423
Pmen 3 TCTCTACGTGTTGC 423
Pmen 4 . . TCTCT.CGTGTT 424
PN e Ak RKRERE EARKEARAARA RRRAR AECEK KAKAR ARAK PITTRTRIN [OOPPN

Pcep 5 IACCA. TTGTCTGGCGGT ACC ARATCTGTAC ATAGCTCAGC ACCTGCT TTGCAAGCAGG . GGTCGTCGGTTCGATCCCGTC TGCC TCCACCAATCACCAACGCTARGGGCT TGGT TCAGACA 426
Pgla 2 . . T---TGAC~ -ACATGATTCGRACGAT 425
Pcep 2 . & T -ACATTCGAATGACGAT 426
Pcep 3 T-~-TGRC- -ACATT TGRATGACGAT 426
Pcep 4 A 425
Pgla 1 - -C~GT . TT--~TGAC--ACGTTC--G----TTG 423
Pmal 1 A C-GT . TGCGATGATCGTTGGCGCTTTAGCGACT 422
Ppse 1 . C=GT . TGCGATGATCGTTGGCGCTTTAGCGACT 422
Ppse 2 A ~C-GT . TGCGATGATCGTTGGCGCTTTAGCGACT 422
Ppic 1 A A TG GANSRTGTTCTCT GCCGTGAC: AT: . AT 'TACCTTTTGGTTACCAAACGCARAGCATCG 420
Pcep 1 eeeriscasenranans Ceveasearareanas ereriirirananenas Ceetaeveseranan IERERAR Seseerenananan aresseanranaaaonenan e .+« ¢ e 400 s GAGACTGTCTGTTAGCAGTTT 220
Bcep S » TATCGGCTGTCGTTCTTTAACAATCTGGAAGRAGT 514
Pgla 2 511
Pcep 2 GT 512
Pcep 3 “==TC-~~GT 512
Pcep 4 - 513
Pgla 1 ——=TC~-~GT" 508
Pmal 1  TACGGGCATCTC. TAATGTTTGAT TGGG' $72
Ppse 1 TACGGGCATCTCACTCCCGAAG(MCCCAATGCJ\TMTGTTTG\T'I‘GGG’I‘TC@GAGAACGAAT 572
Ppse 2 -m.wnmm.m.n, CCCAATGGATAATGTTTGAT TGGGTT GAAT- 572
PPIC 1 ACG. .. ceensenoaserosnnessatossonsenenesossssosasasanasansvarsnesne . 502
Pcep 1 AAACGGTTATAATGCCGGCCGCTTCTGATAATDCTCAATGACAAACATTOGAAT A TTGGTT- 366
Paer . ATGTTCGTGAATGRACATTGATTTCTGGTC TTTGCACCAGAACT. . + + + » GTTCTTTAAARATTCGGGTATG' TCTCTTTCA giZ
Paer 2

]
3
BWNHWNH

Pcep 5 .

Pyla 2 .

Pcep 2 . AACTCTA.AGTT...

Pcep 3 .. ARCTCTA.AGTT.

Peep 4 .. A

Pgla 1 TA AR

Pmal 1 . AA

Ppse 1 . AR

Ppse 2 . AR

Ppic 1 TAAAGGTGTCGCGGTGCGTTGATGA, . GGCGCACATATAARACGCGACA-T: A-CCAGTATTAC

Pcep 1 . AACTCTA. TGTT.

Paer 1 CTGGTGATCATTCARGTCAAGGTARAATT TGCGAGTTC. . ARG. CGOGAATT TTCGGCGAATGTCGTCTTCACAGTA. |« « « + - TAACCAGATTGCT TGGGGTTATATGGTCAAGTGAAGAAGC GCATACGGTGGA' 659

Paer 2 .. . .. T 659

Paer 3 —— 660

Pmen 1 A 702

Pmen 2 A 705

Pmen 3 A T - 705

Pmen 4 A T Y- 707
" AARARKRRERBRAR KRN KRk RRNKE KAKAAK ARAKKRANRRAKARARKARE

Pc 5 ACTGTCGAT. GAGACAGACTCGTTATAGGGTCAAGCGARCAAGTGCAT ‘CTTGGCRRTCASAGGCGA 779

Pgla 2 D 770

Peep 2 721

Pcep 3 721

Pcep 4 722

Pgla 1 737

Pmal 1 794

Ppse 1 794

Ppse 2 " 832

Ppic 1 . . .. feeenenarenas T T 3 704

Pcep 1 - . . Y 585

FIG. 1. Multiple nucleotide alignment of the 16S-23S rDNA ITS sequences of seven Pseudomonas spp. and nucleotide sequence of the 16S-23S rDNA ITS from
X. maltophilia. The potential tRNA sequences for isoleucine and alanine (boxed), PCR primers (dashed boxes), regions corresponding to the 16S and 23S rDNAs of
P. aeruginosa (arrows), identical bases within the homology group (dashes), gaps within the sequence (dots), and homologous bases in all spacers after multiple
alignment (asterisks) are indicated. International Union of Pure and Applied Chemistry nomenclature was used to denote degenerate locations in the primers and 23S
rDNA regions (R = A/G, S = G/C, and Y = T/C). (A) Sequence alignment for 16S-23S rDNA ITS regions of P. aeruginosa ATCC 19660 (Paer), P. mendocina ATCC
25411 (Pmen), P. cepacia ATCC 25609 (Pcep), P. gladioli ATCC 10248 (Pgla), P. pickettii ATCC 27511 (Ppic), P. pseudomallei ATCC 23343 (Ppse), and P. mallei ATCC
23344 (Pmal). (B) The ITS sequence for X. maltophilia ATCC 13637. The location designated for the 16S rDNA sequence is based on an unpublished nucleotide
sequence (GenBank accession no. M59158), and that of the 23S sequence was deduced from sequence homology with P. aeruginosa.
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16S rRNA

tRNA 4,
CAGCATCGTCCTGTCGGGCGTCT TCACAAAGTACC TGCATTCAGAGARTCACARCGGCC AGGCCGATGTGAGAGTCCCT TTTGGGCC TTAGE TCAGC TGGGAGAGC ACC TEC T T TGCARGC AGGGG TCG TCGG TTCGATCCCGACAGCTY 300

GTTCGAGCTGTATACCGMGTCCCTTTCGAAGAGCCCGCACATCC}\TGTGCTACTTT TTGARRAAGCCTT TCGGGTC TGTAGC TCAGGTGGTTAGAC GCACCC TGATAAGGGTGAGG TCGGTAGTTCGAGTCTACCCAGACCCA 450

CCATTCTCTGAATGACGCATACATTCGATCTTTATACGCATCAGCACTGTGGC TGGTACGTGT TCT TTTAAAACTTGTGACGTAGCGAGCGT T TGAGATGTTC TATCAGACGTGTCGTGAGGC TAAGGCGAGAGACGCAAGTCTCTTTAT 600

451

TGATTGAGTCGTTATATTCGTATCCGGGC TTTG TACCCCCGGG TCG TGTGTAACCCAAGGCAACTTGCGGT TATAT GGTCARGCGAATARGCGCAC ACGGTGGATGL

rR
72%

FIG. 1—Continued.

We observed little evidence of extensive ITS length polymor-
phisms in the representative strains of pseudomonads in this
study, but sequence analysis of the amplified DNA revealed
microheterogeneity within each ITS copy. The amplicons were
therefore purified and cloned to effect their definitive sequenc-
ing. Empirical testing of a variety of restriction endonucleases
was performed to identify those which would not cut within the
ITS (data not shown). EcoRI and Spel were selected, and
primers B1 and B2 were designed accordingly to permit sub-
sequent amplification and cloning into pBluescript.

Sequence analysis of the 16S-23S rDNA ITS. A multiple
nucleotide sequence alignment of the 16S-23S rDNA ITSs of
seven Pseudomonas spp. is presented in Fig. 1A, and the se-
quence of the X. maltophilia ITS is shown in Fig. 1B. The ITS
homologies between species and among sequevars are summa-
rized in Table 3 and clearly indicate that the spacers can be
divided into two basic homology groups, one consisting of P.
aeruginosa and P. mendocina and the other comprising P. ce-
pacia, P. gladioli, P. mallei, P. pickettii, and P. pseudomallei,
although P. pickettii is not as closely related to these species as
they are to each other. The single, 536-bp 16S-23S ITS of X.
maltophilia showed <50% sequence homology with any of the
spacers from the other species and stands alone.

In the ATCC strains used in this study, five different 16S-23S

rDNA ITS sequevars in P. cepacia, four in P. mendocina, three
in P. aeruginosa, two each in P. gladioli and P. pseudomallei,
and one each in P. mallei, P. pickettii, and X. maltophilia were
identified. The range of ITS sizes observed among the ATCC
strains was from 394 bp in P. cepacia to 641 bp in P. pseudo-
mallei. P. cepacia had the largest variety of ITSs of any of the
species studied, having five sequevars ranging in size from 394
to 588 bp, with three of the five ITSs essentially of identical
lengths (530 and 531 bp).

Within species, the three ITS sequevars of P. aeruginosa and
the two ITS sequevars of P. pseudomallei were found to have
the highest degrees of homology, exceeding 98%, whereas
more divergence was observed in the multiple ITS sequevars
within the other species studied. For example, three of the four
ITS sequevars of P. mendocina (Pmen2 [514 bp], Pmen3 [514
bp], and Pmen4 [516 bp]) demonstrated homologies ranging
from 97.7 to 99.6%. Homologies of ITS Pmenl1 (511 bp) were
in the range of 94.3 to 96.3%. In the five P. cepacia ITS
sequevars, Pcep2 (530 bp) and Pcep3 (530 bp) differed by only
a single base, giving a relative homology of 99.8%, while ITS
Pcep4 (531 bp) was most similar to Pcep5 (588 bp), with a
homology of 95.7%, and slightly less similar to Pcep2 and
Pcep3, with relative homologies of 93.8 and 94%, respectively.
Some areas containing significant differences between the

TABLE 3. Lengths and nucleotide sequence homologies of 16S-23S rDNA ITSs for ATCC reference strains

Size

% Homology

Organism Spacer

(bp) Paerl Paer2 Paer3 Pmenl Pmen2 Pmen3 Pmen4 Pcepl Pcep2 Pcep3 Pcep4 PcepS Pglal Pgla2 Pmall Ppsel Ppse2 Ppicl

P. aeruginosa  Paerl 468
Paer2 468 99.6
Paer3 469 99.8 99.4
P. mendocina  Pmenl 511 76.5 76.1 76.5
Pmen2 514 79.9 79.5 80.0 96.3
Pmen3 514 79.5 79.1 79.5 959 99.6
Pmen4 516 79.7 79.3 793 943 981 977
P. cepacia Pcepl 394 40.4 40.6 39.1 40.9 409 40.6
Pcep2 530 51.9 521 51.8 495 481 477
Pcep3 530 52.1 524 520 495 481 477
Pcep4 531 51.5 514 529 50.1 514 512
PcepS 588 51.9 521 533 503 504 502
P. gladioli Pglal 546 52.6 524 522 507 521 519
Pgla2 579 543 543 539 50.5 49.6 479
P. mallei Pmall 603 524 521 529 521 541 54.1
P. pseudomallei Ppsel 603 52.4 52.1 529 521 541 541
Ppse2 641 56.8 56.6 574 542 533 531
P. pickettii Ppicl 514 53.0 51.7 51.8 483 471 469
X. maltophilia  Xmall 536 44.0 43.8 420 403 385 385

40.4
48.1
47.9
50.0
49.2

51.7
48.1

53.9

53.9
52.5

46.3

36.6

86.0
85.8
79.4
80.2

99.8
93.8
98.4

94.0
93.6 95.7
79.7
80.5

85.7
94.9

85.7
94.9

84.7
92.5

81.3

94.1 82.1

81.5 86.8 86.6 86.6 78.6 855 78.1

81.5
79.4

86.8
87.0

86.6
87.0

86.6
86.8

78.6
76.2

85.5
86.3

78.1
77.0

99.8

98.3 985

51.5 654 652 638 64.6 62.1 625 654 654 654

37.8 325 325 345 354 349 332 403 403 41.6 358
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Pcep4 and Pcep5 ITSs were highly conserved between the
Pcep4, Pcep2, and Pcep3 spacers. ITS Pcepl (394 bp) was the
most divergent of this family, with overall homology to the
other spacers ranging between 74.9 and 86.0%. The two ITSs
in P. gladioli, Pgla2 (579 bp) and Pglal (546 bp), were relatively
dissimilar, with only 82.1% relative homology, and, in fact, the
Pgla2 sequevar showed a higher level of homology with the P.
cepacia ITS (94.1 to 94.9% with Pcep2 through Pcep5) than
with Pglal. Pglal appeared equally divergent from the Pcep2
through Pcep5 sequevars, with homologies ranging from 81.3
to 85.9%.

The Pcepl, Pmen4, and Ppicl ITSs were identified in two
operons with a T/C polymorphism at a location corresponding
to position 29 of the 23S rDNA of P. aeruginosa. On the basis
of the frequencies with which the individual ITSs were recov-
ered during the sequencing, it appears that Paer3 and Pcep2
are also present in two operons and that Pglal is probably
present in three or four operons.

The ITSs from P. mallei and P. pseudomallei showed a very
high level of homology with each other and may be considered
a specific family. P. mallei was found to possess only one ITS,
designated Pmall, which was 603 bp long. P. pseudomallei had
two ITSs, Ppsel (603 bp) and Ppse2 (641 bp). ITS Pmall was
virtually identical to the Ppsel spacer, with only a single base
differing between them and a relative homology of 99.8%. The
Ppse2 ITS was also quite similar to these two spacers, with
homologies to Pmall and Ppsel of 98.3 and 98.5%, respec-
tively.

tRNA sequences identified in the 16S-23S spacer regions.
With the exception of the 394-bp ITS of P. cepacia (Pcepl), all
of the Pseudomonas spacers contained potential tRNA se-
quences for both isoleucine and alanine. These regions were
found to correspond well with the consensus structure of
tRNAs (15), with two exceptions. The tRNA™® sequences for
P. aeruginosa and P. mendocina contain a single-base deletion
which results in a 4-bp stem instead of a 5-bp stem for the
anticodon loop. The tRNA*™ sequence in Pmenl1 (514 bp) of
P. mendocina contains an A-to-C base change at position 14 of
the tRNA sequence. X. maltophilia was found to contain a
potential tRNA sequence for alanine only.

Evaluation of species-specific primers. Initial testing of the
primers targeting the ITS regions of P. aeruginosa and P. pick-
ettii against the reference strains listed in Table 1 indicated that
the primers were specific for the desired organisms. PA1-PA2
amplified only the three P. aeruginosa ATCC reference strains,
and PP1-PP2 amplified only the two P. pickettii reference
strains. However, while the P. cepacia ITS primers proved to be
species specific, they detected only the ATCC 25609 strain
used to obtain the sequence data and failed to amplify the
other two reference strains. When these primers were tested
against the 103 clinical samples, it was found that they detected
only a certain percentage of isolates. Several primer pairs tar-
geting different areas and different ITS sequences were subse-
quently designed. These alternate primer sets again proved to
be specific for P. cepacia, but none was able to detect all of the
P. cepacia isolates. The ITS regions from all of the P. cepacia
isolates were amplified with the B1-B2 primer set and com-
pared. It was found that there was some minor length poly-
morphisms within these samples; however, there did not ap-
pear to be any correlation between the ITS banding pattern
and the ability to obtain positive amplification. The ITS region
of P. cepacia was abandoned as a target for species identifica-
tion, and primers which target the 23S rDNA were chosen.
These primers were specific for P. cepacia and were also able
to detect all of the isolates studied. When the P. aeruginosa and
P. pickettii clinical samples were tested with the B1-B2 primer
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set, no length polymorphisms were seen. The 101 P. aeruginosa
and 16 P. pickettii clinical samples studied were all positively
identified with their respective primer sets.

DISCUSSION

ITS sequencing divides the organisms used in this study into
several homology groups, one consisting of P. aeruginosa and
P. mendocina, another comprising P. cepacia, P. gladioli, P.
mallei, P. pickettii, and P. pseudomallei, and finally X. malto-
philia. This division is consistent with the traditional rRNA
homology grouping within the family Pseudomonadaceae (17).
The ITS sequences from P. mallei and P. pseudomallei showed
a very high level of homology, and they can therefore be con-
sidered particularly closely related. Conversely, the single,
536-bp 16S-23S ITS of X. maltophilia showed <50% homology
with spacers from the other species, thereby confirming its
more remote taxonomic and phylogenetic relationship.

P. aeruginosa is the type species of rRNA group I, which
includes P. mendocina and other saprophytic and phytopatho-
genic fluorescent pseudomonads. With the exception of P.
aeruginosa and, more recently, P. mendocina (2), most of the
group I pseudomonads are found in soil and environmental
sources and have not been associated with human disease. All
of the other species in our study fall into rRNA homology
group II, referred to as the pseudomallei group. Within this
group, P. cepacia, P. gladioli, P. mallei, and P. pseudomallei fall
into one DNA homology group and P. pickettii falls into an-
other. ITS sequence data confirm this subdivision, with P.
pickettii having less homology with the other species than they
do among themselves. X. maltophilia, a representative of
rRNA group V, also is differentiated from the others by ITS
sequencing.

A number of the species included within rRNA group II
have been associated with human infections, some as overt
pathogens and others as opportunists. Although once consid-
ered nonpathogenic, P. pickettii is now a recognized opportun-
ist (23) and has been linked to nosocomial infections (18). The
same situation has been documented for P. gladioli (6) in cystic
fibrosis patients.

On the basis of 16S rRNA sequences, DNA:DNA homology,
cellular lipid and fatty acid composition, and phenotypic char-
acteristics, a new genus, Burkholderia, has recently been pro-
posed and validated (1, 25). Seven species of the genus Pseudo-
monas homology group II have been transferred to the new
genus, with Burkholderia cepacia as the type species. Although
ITS sequence homology data support this proposal, we have
maintained the Pseudomonas basonym nomenclature to avoid
confusion and maintain consistency between nucleotide ITS
sequence accession numbers and ATCC culture designations
until the new genus has gained wider acceptance.

An unusual observation in our study relates to the intra- and
interspecies homologies of P. gladioli 1TSs. Not only were
Pglal and Pgla2 relatively dissimilar, with only 82.1% homol-
ogy, but both ITS sequevars showed higher levels of homology
to the four long ITSs of P. cepacia than to each other. The
phylogenetic implications of these observations invite specula-
tion, and more study may be warranted.

It is proposed that the ITS is under less selective pressure
than rDNA sequences with a functional product and therefore
that there may exist more variability in size and/or sequence,
which could provide a basis for strain differentiation (10, 11,
14). Jensen et al. (10) have investigated a broad range of
bacteria and suggest that ITS size polymorphisms may form a
basis for PCR-based identification methods for many bacterial
species. In the process of developing this suggestion for the
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identification of P. aeruginosa, P. cepacia, and P. pickettii, it was
found that P. cepacia possessed only minor size polymorphisms
but appeared to have considerable sequence polymorphism
within the ITS. We observed three different ITS amplification
patterns, with the majority of the isolates having the same
pattern as P. cepacia ATCC 25609, although no single primer
pair targeting the P. cepacia ITS was successful in amplifying
the ITSs of all of the clinical isolates studied. These results
confirm those of Kostman et al. (11), who demonstrated size
polymorphisms in the 16S-23S ITSs of 12 strains of P. cepacia,
but we suggest that this is not as extensive as is required to be
diagnostically useful. Primers developed in this study which
target ITS sequences of P. aeruginosa and P. pickettii and 23S
rDNA of P. cepacia have considerable potential for the early
and rapid differentiation of isolates from respiratory and nos-
ocomial infections. The ability of these diagnostic primers to
detect small numbers of P. cepacia and P. pickettii organisms in
sputum samples from patients with cystic fibrosis is being eval-
uated. The introduction of these genetically based methods for
identification should help avoid the common misidentifications
of P. cepacia as Alcaligenes xylosoxidans or X. maltophilia. Ac-
curate isolate identification is particularly important in the
management of cystic fibrosis patients who are colonized with
P. cepacia in order to minimize transmission in social and
clinical settings and to allow remedial chemotherapy.
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