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Sole reliance on biochemical methods can limit the clinical microbiology laboratory’s ability to identify
bacterial pathogens. This study describes the incorporation of DNA pyrosequencing-based identification for
routine pathogen identification of atypical clinical isolates in a large children’s hospital. The assay capitalized
on the highly conserved nature of 16S rRNA genes by positioning amplification and sequencing primers in
conserved target sequences flanking the variable V1 and V3 regions. A total of 414 isolates of 312 pediatric
patients were tested by DNA pyrosequencing during the time period from December 2003 to July 2006.
Seventy-eight different genera were specified by DNA pyrosequencing, and isolates were derived from diverse
specimen types. By integrating DNA sequencing of bacterial pathogens with conventional microbiologic meth-
ods, isolates that lacked a definitive identification by biochemical testing yielded genus- or species-level
identifications in approximately 90% of cases by pyrosequencing. Improvements incorporated into the assay
process during the period of clinical testing included software enhancements, improvements in sequencing
reagents, and refinements in database search strategies. Coupled with isolation by bacteriologic culture and
biochemical testing, DNA pyrosequencing-based bacterial identification was a valuable tool that markedly
improved bacterial pathogen identification in a pediatric hospital setting.

Bacterial pathogens may not be identified in the clinical
laboratory by routine morphological and biochemical methods.
Difficult-to-identify pathogens may yield inconsistent or incon-
clusive results by biochemical testing with either manual or
automated methods (5, 28). Molecular methods provide mi-
crobiologists with additional tools that may supplement bio-
chemical testing for bacterial pathogen identification (29). In
contrast to targeted molecular methods such as real-time PCR,
global molecular approaches such as DNA sequencing offer
attractive strategies for the identification of unknown patho-
gens from clinical specimens. Uncultured bacterial pathogens
have been identified directly in human tissue by dideoxy DNA
sequencing and have previously highlighted the importance
of sequence-based identification (2, 25). Sanger or dideoxy DNA
sequencing of all or part of the 16S rRNA gene has been
commonly used for pathogen identification of cultured organ-
isms in many studies (18). However, commercial kits for diag-
nostic sequencing have had limited impact on clinical labora-
tories. The implementation of DNA sequencing for routine
pathogen identification has been limited by the technical de-
mands and labor-intensive nature of dideoxy sequencing meth-
ods.

The implementation of DNA sequencing in diverse clinical
laboratory settings requires the availability of user-friendly
technologies that minimize labor and maximize cost-effective-

ness. DNA pyrosequencing, or sequencing by synthesis, was
first introduced in 1996 as a rapid and less expensive alterna-
tive to traditional Sanger DNA sequencing (27). Since its in-
ception in the mid-1990s, DNA pyrosequencing assays have
been developed for diverse applications, including genotyping,
single nucleotide polymorphism detection, and microorganism
identification (21). Pyrosequencing has been used to detect
point mutations in antiviral or antimicrobial resistance genes
as a strategy for molecular resistance testing (12, 20, 34). Py-
rosequencing has been applied to organism identification by
combining short-stretch DNA sequencing with signature
matching in the well-characterized phylogenetic target, the 16S
rRNA gene (14, 30), in addition to in a variety of target genes
in bacteria (9, 13, 24, 32). Although pyrosequencing yields
limited amounts of DNA sequence information, highly infor-
mative target sequences within the 16S rRNA gene facilitated
the identification of pathogens, such as Helicobacter pylori (23)
and Mycobacterium species (31). Pyrosequencing of the 16S
rRNA gene was also used to develop a “molecular Gram stain”
in order to rapidly classify bacteria as gram positive or gram
negative by using molecular methods (16). A follow-up study
(17) documented that molecular Gram stain results agreed
with culture results in 85.7% of cases versus agreement in only
35.7% of cases with conventional Gram stains. Pyrosequencing
also categorized pathogens associated with cases of neonatal
sepsis based on group-specific signature sequences (15).

Microbial DNA sequencing applications often target regions
within 16S rRNA genes for broad-range identification of dif-
ferent groups or individual species. Bacterial 16S rRNA genes
consist of eight highly conserved and nine variable regions
(33). V1 and V3 represent two distinct variable regions within
the 16S rRNA gene, and these regions are the targets for the
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pyrosequencing-based identification assay presented in this
study. The assay capitalizes on the highly conserved nature of
16S rRNA genes by positioning amplification and sequencing
primers in the conserved regions flanking variable regions,
specifically V1 and V3, thereby allowing primers to theoreti-
cally amplify most bacterial pathogens. The primers targeting
the V1 and V3 regions were originally developed for pyrose-
quencing-based classification of bacteria using 10 nucleotides
from each region (14), and the same primers were also utilized
for the detection of bacterial contamination of water samples
used in PCRs (10).

The molecular microbiology laboratory at Texas Children’s
Hospital implemented routine DNA pyrosequencing based on
previously described parameters (14) in order to identify clin-
ical isolates refractory to biochemical identification. DNA
pyrosequencing-based identification coupled with culture findings
and biochemical results provided a robust approach for more
accurate identification of bacterial pathogens. The data pre-
sented here included a total of 414 patient isolates evaluated
during a 31-month time period from December 2003 to July
2006. This polyphasic strategy facilitated a cost-effective ap-
proach for improved diagnostic bacteriology services by inte-
grating DNA sequencing with conventional methods in the
clinical laboratory.

MATERIALS AND METHODS

Selection of bacterial isolates. Specimens were obtained from samples sub-
mitted to the diagnostic microbiology laboratory at Texas Children’s Hospital
(Houston, TX) for routine culture. The bacterial isolates were derived from a
variety of specimen types and were submitted for DNA pyrosequencing if or-
ganisms were refractory to definitive biochemical identification by manual or
automated methods. A total of 414 bacterial isolates were not identified by
routine biochemical testing, including by automated (VITEK Legacy; bio-
Mérieux, Inc., France) and manual methods (API 20 E and API 20 NE strips;
bioMérieux). Samples were deemed refractory if a definitive identification could
not be made (�90% probability-based identification) or if discrepant results
were obtained by biochemical and morphological evaluation. Suspected Burk-
holderia cepacia isolates were automatically submitted for confirmation by pyro-
sequencing. Mycobacterial and fungal isolates were excluded from consideration
in this study.

DNA extraction. Pure bacterial cultures were submitted for DNA extraction on
plated media, and suspected mixed cultures were purified or rejected. Bac-
terial DNA was extracted with the Mo Bio UltraClean microbial DNA kit (Mo
Bio Laboratories, Inc., Carlsbad, CA) according to the manufacturer’s instruc-
tions. A 10-�l inoculating loop of bacteria served as starting material for the
extraction, and chromosomal DNA was eluted in a final volume of 35 �l elution
buffer. DNA quantitation was performed by absorbance spectrophotometry of
purified DNA in the NanoDrop ND-1000 spectrophotometer (NanoDrop Tech-
nologies, Wilmington, DE).

DNA amplification. Separate PCRs were amplified for the V1 and V3 regions.
Each 50-�l reaction mixture consisted of 0.8 mM deoxynucleoside triphosphates
(Applied Biosystems, Foster City, CA), 2.5 mM MgCl2 (Applied Biosystems),
GeneAmp 10� PCR Gold buffer (Applied Biosystems), 0.2 �M of each primer,
1.25 U AmpliTaq Gold DNA polymerase LD (Applied Biosystems), and 10
nanograms of bacterial DNA. Previously described primers were used to amplify
the V1 and V3 regions of 16S rRNA genes (14). Nucleotide positions refer to
positions in the Escherichia coli 16S rRNA gene. Bio-pBR5 (positions 6 to 27,
5�-biotin-GAAGAGTTTGATCATGGCTCAG-3�) and pBR-V1 (positions 120
to 101, 5�-TTACTCACCCGTCCGCCACT-3�) were used for V1 amplification,
and Bio-B-V3 (positions 1047 to 1027, 5�-biotin-ACGACAGCCATGCAGCAC
CT-3�) and pJBS.V3 (positions 947 to 967, 5�-GCAACGCGAAGAACCTTAC
C-3�) were used for V3 amplification. PCR was performed in the GeneAmp PCR
system 9700 (Applied Biosystems) under the following cycling parameters: 10
min at 95°C, 35 cycles of 95°C for 40 s, 55°C for 40 s, and 72°C for 60 s, followed
by a single cycle of 72°C for 60 s.

DNA pyrosequencing. The amplified products for V1 and V3 were prepared
for pyrosequencing by using the recommended protocol for the vacuum prep tool

(Biotage AB, Uppsala, Sweden). For each reaction, 40 �l of the biotinylated
PCR product was used in the preparation. To prepare the sequencing plate,
purified PCR products were resuspended in 40 �l of annealing buffer with 0.3
�M sequencing primer. Primers pBR-V1 and pJBS.V3 were used as DNA
sequencing primers for the V1 and V3 regions, respectively. Pyrosequencing was
originally performed on the PSQMA instrument (Biotage) using the PSQ SQA
kit, but transition to the PSQ Gold SQA reagent kit was made on March 16,
2005.

Organism identification. The resulting DNA pyrograms were automatically
analyzed by the PSQMA software (version 2.1). Initially, all pyrograms were
manually reviewed and the reviewer determined the number of bases that were
used in the subsequent search. In December 2005, the process was revised so that
the bases that were assigned “good quality” or “check quality” by the software
were automatically used in the search, with a manual review of all bases utilized
when no clear match was observed. The selected bases were used to search the
Ribosomal Database Project (RDP), version 9.36 (http://rdp.cme.msu.edu/) (3).
A minimum of 15 bases in at least one of the two regions (V1 and V3) was
required to proceed in searching the RDP database. The sequence match tool of
the RDP website was used with search preferences assigned to type strains,
sequences from individual isolates, nearly full-length sequences (�1,200 bases),
and “good quality” sequences. Organisms with a 100% DNA sequence match
were compared with the microbiologic findings, such as morphological and bio-
chemical features, and final bacterial identifications were established using this
polyphasic strategy.

Sanger sequencing of the 16S rRNA gene. A subset of clinical isolates evalu-
ated by DNA pyrosequencing was also studied by conventional Sanger (dideoxy)
sequencing. The oligonucleotide primers 16S 8F (5�-AGAGTTTGATCCTGGC
TCAG-3�) and 16S 1541R (5�-AAGGAGGTGATCCAGCCGCA-3�) were used
for PCR amplification of a 1,533-bp amplicon. Following PCR amplification, the
16S 8F oligonucleotide primer was employed for DNA sequencing by Seqwright
DNA Technology Services (Houston, TX). Resulting sequences were truncated
for maximum quality and searched using the RDP and GenBank databases.

RESULTS

Summary of organisms identified by DNA pyrosequencing.
A total of 414 cultured bacterial isolates from 312 patients at
Texas Children’s Hospital were evaluated by DNA pyrose-
quencing between December 2003 and July 2006. During the
initial phase of assay implementation, duplicate isolates from
the same patient and same specimen were tested, and identical
identifications were obtained. Of the 414 isolates tested, 372
isolates (approximately 90%) were definitively identified by
DNA-pyrosequencing-based identification, with 364 of 372 iso-
lates (98%) identified to the genus level and 189 of 372 isolates
(51%) identified to the species level. All isolates identified by
DNA pyrosequencing were considered potentially clinically
significant and would have been reported by routine microbi-
ological methods. The bacterial isolates represented 78 differ-
ent genera and reflected the high degree of biological diversity
in this atypical group (Table 1). By Gram stain morphology,
bacilli (gram negative or gram positive) were predominant in
number and indicated that rod-shaped organisms were often
difficult to identify in the clinical laboratory. Of the 372 isolates
definitively identified by DNA pyrosequencing, potential
pathogens included 217 gram-negative bacilli (58%), 92 gram-
positive bacilli (24%), 35 gram-positive cocci (10%), 14 gram-
negative cocci (4%), and 14 miscellaneous organisms (4%).
The miscellaneous group included gram-variable, coccobacil-
lary, or other variable-morphology organisms. The 372 sus-
pected pathogens identified by DNA pyrosequencing included
isolates from 157 peripheral blood specimens (42%), 130 res-
piratory specimens (35%), 60 miscellaneous (wounds and su-
perficial sites) specimens (16%), 17 gastrointestinal specimens
(5%), and 8 cerebrospinal fluid specimens (2%). Potential
pathogens from 157 peripheral blood specimens that yielded
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pyrosequencing-based identifications included 66 gram-posi-
tive bacilli (42%), 52 gram-negative bacilli (33%), 26 gram-
positive cocci (16%), 9 miscellaneous organisms (6%), and 4
gram-negative cocci (3%). Notably, gram-positive bacteria,
such as Microbacterium and Rothia spp., were identified mul-
tiple times by DNA pyrosequencing, while yielding ambiguous
results by biochemical testing (Table 1). Organisms were iden-
tified from 130 different respiratory tract specimens, including
80 sputum samples (62%), 21 tracheal aspirates (16%), 17
bronchoalveolar lavages (13%), and 12 other respiratory spec-
imens (9%). The organisms identified from respiratory tract
specimens included 118 gram-negative bacilli (91%), 6 gram-
negative cocci (4%), 3 gram-positive bacilli (2%), 2 gram-
positive cocci (2%), and 1 miscellaneous organism (1%).

Summary of isolates not identified by DNA pyrosequencing.
Of the 414 samples, 38 (9%) isolates could not be identified by
DNA pyrosequencing. Isolates that were refractory to defini-
tive molecular identification included organisms derived from
17 peripheral blood specimens (45%), 10 respiratory speci-
mens (26%), 9 miscellaneous specimens (24%), and 2 gastro-
intestinal specimens (5%). Sixteen (42%) isolates belonging to
this refractory group yielded fewer than 15 bases of adequate
quality in the V1 and V3 regions of 16S rRNA genes. Gram
stain morphologies of isolates in this group included 18 gram-
negative bacilli (47%), 10 miscellaneous isolates (26%), 4
gram-positive bacilli (11%), 4 gram-positive cocci (11%), and 2
gram-negative cocci (5%).

All 38 isolates not identified by DNA pyrosequencing were
submitted for Sanger (dideoxy) DNA sequencing. Eleven iso-
lates either produced no sequence after multiple attempts or
provided no significant matches. Eight isolates provided
matches to two genera, 5 isolates were identified to the genus
level, and 14 isolates were identified to the species level. Table
2 provides a list of organisms identified from this group of 38
isolates not identified by DNA pyrosequencing.

Only 4 of 414 isolates yielded discordant identifications. In
one instance, pyrosequencing provided a match to only Neis-
seria spp., and this result was inconsistent with microbial mor-
phological and biochemical data. The remaining three samples

TABLE 1. Summary of organisms identified by DNA
pyrosequencing grouped by morphology and

sorted by frequencya

Morphology and organism No. of
isolates

Gram-negative cocci or coccobacilli
Neisseria spp. not meningitidis/gonorrhoeae ................................................... 7
Moraxella spp. ................................................................................................... 6

Gram-positive cocci
Kocuria kristinae................................................................................................ 4
Staphylococcus aureus ...................................................................................... 4
Leuconostoc spp................................................................................................ 3
Streptococcus intermedius ................................................................................. 3
Coagulase-negative Staphylococcus ................................................................ 2
Rothia mucilaginosa.......................................................................................... 2
Staphylococcus spp., but not Staphylococcus aureus..................................... 2

Gram-positive bacilli
Microbacterium spp. .........................................................................................11
Bacillus spp. but not Bacillus anthracis or Bacillus cereus........................... 9
Microbacterium/Cellulomonas spp. ................................................................. 8
Actinomyces spp. ............................................................................................... 7
Corynebacterium spp......................................................................................... 5
Bacillus mycoides .............................................................................................. 4
Actinomyces odontolyticus ................................................................................ 3
Cellulomonas spp.............................................................................................. 3
Clostridium tertium ........................................................................................... 3
Propionibacterium spp. ..................................................................................... 3
Arthrobacter spp. ............................................................................................... 2
Bacillus cereus ................................................................................................... 2
Bacillus spp........................................................................................................ 3
Brevibacterium casei.......................................................................................... 2
Curtobacterium spp........................................................................................... 2
Exiguobacterium acetyliticum ........................................................................... 2
Paenibacillus spp............................................................................................... 2
Propionibacterium propionicum ....................................................................... 2

Gram-negative bacilli or coccobacilli
Pseudomonas aeruginosa ..................................................................................33
Pseudomonas spp..............................................................................................16
Achromobacter xylosoxidans.............................................................................11
Campylobacter coli ............................................................................................10
Stenotrophomonas maltophilia.........................................................................10
Acinetobacter spp. ............................................................................................. 9
Burkholderia cepacia complex ......................................................................... 9
Burkholderia spp. .............................................................................................. 6
E. coli ................................................................................................................. 6
Achromobacter ruhlandii .................................................................................. 5
Achromobacter spp. .......................................................................................... 5
Brevundimonas spp........................................................................................... 4
Klebsiella pneumoniae ...................................................................................... 4
Pseudomonas pseudoalcaligenes ...................................................................... 4
Alcaligenes spp. ................................................................................................. 3
Burkholderia plantarii ....................................................................................... 3
Cupriavidus respiraculi...................................................................................... 3
Klebsiella spp. .................................................................................................... 3
Neisseria elongata .............................................................................................. 3
Acinetobacter lwoffii .......................................................................................... 2
Actinobacillus actinomycetemcomitans ........................................................... 2
Burkholderia multivorans.................................................................................. 2
Capnocytophaga spp. ........................................................................................ 2
Eikenella spp. .................................................................................................... 2
Enterobacter cloacae ......................................................................................... 2
Enterobacter spp................................................................................................ 2
Escherichia spp.................................................................................................. 2
Flavobacterium spp. .......................................................................................... 2
Haemophilus influenzae.................................................................................... 2
Kingella spp. ...................................................................................................... 2
Neisseria weaveri................................................................................................ 2
Pasteurella spp................................................................................................... 2
Pseudomonas spp., but not Pseudomonas aeruginosa .................................. 2
Ralstonia spp. .................................................................................................... 2
Shewanella spp. ................................................................................................. 2
Vibrio cholerae or Vibrio mimicus................................................................... 2

Miscellaneous organisms
Aeromonas spp.................................................................................................. 2
Rhodococcus corynebacterioides ...................................................................... 2
Rothia spp.......................................................................................................... 2

a Only organisms with two or more isolates have been included. Seventy-nine
organisms yielded only single isolates. See the supplemental material for a
complete list of the organisms identified.

TABLE 2. Organisms identified by Sanger sequencing of the 16S
rRNA gene that could not be identified by DNA pyrosequencing

Organism per
Sanger sequencing

No. of
isolates

Achromobacter xylosoxidans ................................................................................. 1
Clostridium propionicum....................................................................................... 1
Cupriavidus respiraculi .......................................................................................... 1
Enterobacter hormaechei ....................................................................................... 2
Enterobacter or Pantoea spp. ............................................................................... 3
Escherichia or Shigella spp................................................................................... 2
Kingella or Neisseria spp....................................................................................... 2
Klebsiella oxytoca ................................................................................................... 1
Klebsiella pneumoniae ........................................................................................... 1
Kocuria kristinae .................................................................................................... 2
Leucobacter komagatae......................................................................................... 1
Microbacterium spp. .............................................................................................. 1
Neisseria meningitidis ............................................................................................ 1
Pseudomonas or Stenotrophomonas spp. ............................................................ 1
Pseudomonas spp. ................................................................................................. 1
Rhodococcus spp. .................................................................................................. 1
Schineria spp.......................................................................................................... 1
Serratia marcescens................................................................................................ 1
Sporosarcina spp.................................................................................................... 1
Williamsia serinedens............................................................................................. 1
Xenophilus azovorans ............................................................................................ 1
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included three different specimens from one patient. The DNA
sequence obtained for the three isolates matched the only
known sequence of Mycobacterium gordonae, but the smear
findings were not consistent with acid-fast bacilli. The isolate
was identified as Rhodococcus equi by extensive phenotypic
studies. DNA pyrosequencing was repeated on all three iso-
lates, and resequencing confirmed that the organisms were
isolates of Rhodococcus equi. The initial error was due to
misinterpretation of homopolymeric length of a polycytosine
residue tract. The sequencing software originally determined
the peak to consist of three cytosine residues and resulted in an
exact match with Mycobacterium gordonae. However, repeated
pyrosequencing correctly determined the peak to consist of
four cytosine residues and resulted in an exact match with
Rhodococcus equi, the organism that correlated best with con-
ventional microbiologic data.

Correlation of DNA pyrosequencing data with data obtained
by Sanger DNA (dideoxy) sequencing. A total of 27 isolates
previously identified by DNA pyrosequencing were submitted
for Sanger (dideoxy) DNA sequencing, but informative se-
quences were obtained for 26 of 27 isolates. For this group of
isolates, the average number of bases obtained by Sanger se-
quencing was 601, and this number contrasts with the relatively
low average of 63 bases (V1 plus V3) for the final 4-month
period of this pyrosequencing study. Comparative DNA se-
quencing results obtained by pyrosequencing and Sanger
sequencing are presented in Table 3. When DNA pyrose-
quencing yielded identifications and Sanger sequence was
obtained (n � 26), the results matched the genera (26 of 26)
obtained with Sanger sequencing in 100% of the cases ex-
amined (Table 3).

Two bacterial isolates yielded different species identifica-

tions by Sanger sequencing versus DNA pyrosequencing, al-
though the genus identifications were identical in both cases.
One isolate obtained from peripheral blood was identified as
Ochrobactrum anthropi by Sanger sequencing. Although O.
anthropi was an exact match by pyrosequencing, the polyphasic
strategy that included pyrosequencing, microbial morphol-
ogy, and biochemical data supported the identification of
Ochrobactrum tritici. Another isolate was identified as Pseudo-
monas aeruginosa by pyrosequencing but yielded the species
designation Pseudomonas alcaliphila by dideoxy sequencing.
The reference sequence of P. alcaliphila also presented an
exact match with the pyrosequencing data, but the polyphasic
strategy combining pyrosequencing and biochemical data
yielded an identification of P. aeruginosa. This example high-
lights the challenge of identifying atypical P. aeruginosa isolates
from patients with cystic fibrosis, as others have noted (7).
Accurate species identification of P. aeruginosa in cystic fibrosis
patients has important therapeutic implications, and 33 P.
aeruginosa isolates were identified by DNA pyrosequencing in
the absence of reliable biochemical identification (Table 1). As
expected, most of the P. aeruginosa isolates submitted for DNA
pyrosequencing in this study were cultured from respiratory
tract specimens of children with cystic fibrosis.

Performance improvements with advances in pyrosequenc-
ing chemistry and informatics. Several improvements to the
pyrosequencing methodology have been incorporated since the
assay implementation in December 2003. Improvements oc-
curring during the time period of the study included the intro-
duction of enhanced assay reagents (PSQ Gold; Biotage, Inc.),
a key sequencing software upgrade (version 2.1 PSQ 96MA;
Biotage, Inc.), and improvements in the search engine of the
RDP. The average number of cumulative bases per isolate was

TABLE 3. Comparisons of DNA pyrosequencing-based identifications and results obtained by Sanger sequencing of the 16S rRNA gene

Organism per pyrosequencing Organism per Sanger sequencing % Agreement

Achromobacter spp. Achromobacter xylosoxidans 100
Burkholderia cepacia complex Burkholderia spp. 100
Burkholderia spp. Burkholderia spp. 100
Burkholderia spp. Burkholderia spp. 100
Campylobacter coli Campylobacter jejuni/ Campylobacter coli 100
Corynebacterium spp. Corynebacterium pseudodiphtheriticum/

Corynebacterium propinquum
100

Curtobacterium spp. Curtobacterium spp. 100
Eggerthella lenta Eggerthella lenta 99
Kocuria kristinae Kocuria kristinae 97
Microbacterium spp. Microbacterium hominis 98
Microbacterium spp. Microbacterium oxydans/ Microbacterium maritypicum 99
Moraxella spp. Moraxella nonliquefaciens 99
Neisseria elongata Neisseria elongata 98
Neisseria weaveri Neisseria weaveri 99
Ochrobactrum tritici Ochrobactrum anthropi 100
Pseudomonas aeruginosa Pseudomonas aeruginosa 100
Pseudomonas aeruginosa Pseudomonas alcaliphila 100
Rhodococcus corynebacterioides Rhodococcus corynebacterioides 99
Rhodococcus equi Rhodococcus equi 99
Rothia mucilaginosa Rothia mucilaginosa 93
Salmonella enterica serovar Typhi Salmonella enterica serovar Typhi 100
Shewanella spp. Shewanella spp. 100
Staphylococcus aureus Staphylococcus aureus 100
Staphylococcus spp. not aureus Staphylococcus sciuri 100
Streptococcus mitis group Streptococcus mitis/Streptococcus infantis 100
Streptococcus thermophilus Streptococcus salivarius/thermophilus 99
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61 for the entire study (V1 plus V3 sequence data), and Fig. 1A
depicts the changes in the mean numbers of cumulative bases
per 4-month interval throughout the course of the study.

The introduction of PSQ Gold reagents in March 2005 in-
cluded the addition of recombinant E. coli-derived, single-
stranded binding protein (Ssb) and improved the overall qual-
ity of pyrosequencing data. Figure 1B depicts the performance
improvements observed in several assay parameters at discrete
time intervals during the study period. A total of 187 isolates
were tested with the original PSQ reagents, and 227 isolates
were tested with the PSQ Gold reagents. The PSQ Gold re-
agents improved the percentage of isolates yielding a definitive
genus- or species-level identification from 87% to 94% of or-
ganisms. The percentage of isolates identified to the species
level also improved from 41% to 57% of organisms submitted
for pyrosequencing. The ability to obtain informative se-
quences in both V1 and V3 improved from 65% to 86% of
isolates under evaluation, and the average read lengths in-
creased from 34 bases to 36 bases and from 33 bases to 34
bases for V1 and V3, respectively, during the study period.

Two key developments during the study period improved the
bioinformatics tools for analyses of DNA pyrosequencing data.
The software for DNA pyrosequencing was upgraded from
version 1.0 to version 2.1 in July 2004, and the new software
version included improved algorithms for accurate base calling
in homopolymeric regions. In September 2004, the RDP re-
leased version 9 (version 8 was used previously). A key devel-
opment in version 9 was the incorporation of an updated,
phylogenetically consistent, higher-order bacterial taxonomy

as proposed by Garrity et al. (8). Other improved features in
the RDP allowed users to select type isolates for particular
bacterial species depending on established criteria, facilitating
more focused refinement of the sequence matching process.
DNA sequences from a total of 113 isolates were queried using
RDP, version 8, and species-level identifications were made for
36% of the isolates. Of the 259 isolates sequenced and ana-
lyzed with RDP, version 9, species-level identifications were
established for 57% of the isolates. Changes in sequencing
chemistry as described were occurring in parallel and may be
partly responsible for the improved accuracy of pathogen iden-
tification.

DISCUSSION

We have shown that DNA pyrosequencing significantly im-
proved the ability of the diagnostic laboratory to determine
definitive genus- or species-level identifications for diverse bac-
terial pathogens. Of the 414 bacterial isolates submitted for
molecular studies due to the lack of reliable biochemical iden-
tification, 372 isolates (approximately 90%) were identified by
DNA pyrosequencing. Most isolates submitted for pyrose-
quencing were either gram-negative or gram-positive bacilli
(309 or 82% of all isolates). Gram-negative bacilli represented
the single largest morphological category and comprised the
vast majority (91%) of respiratory tract isolates. Interestingly,
gram-positive bacilli represented the largest group of difficult-
to-identify organisms from peripheral blood cultures. A total
of 372 isolates have been correctly identified by DNA pyrose-

FIG. 1. Enhancements in DNA pyrosequencing improved overall assay performance. (A) The mean numbers of interpretable bases obtained
(when both the V1 and V3 regions were combined) showed a general increase during the course of the study, and specific refinements in DNA
pyrosequencing chemistry and bioinformatics approaches are highlighted as discrete events in the timeline under the bar graph. (B) The
implementation of PSQ Gold (Biotage) reagents included the addition of recombinant E. coli-derived, single-stranded DNA binding protein (Ssb),
and the transition to PSQ Gold reagents resulted in increased percentages of bacterial isolates identified to the genus level (% Isolates Identified),
increased percentages of species-level identifications (% Species Level Identification), and increased percentages of isolates with interpretable
DNA sequence information in both variable regions, V1 and V3 (Adequate sequence for V1 & V3).
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quencing, including 78 different genera representing 16 differ-
ent specimen types. The diverse set of genera indicates the
wide breadth of biological diversity represented by unusual
clinical isolates in the clinical laboratory. A polyphasic strategy
that included DNA pyrosequencing in the diagnostic labora-
tory improved bacterial pathogen identification in a children’s
hospital environment.

As shown in the current study, specific phenotypic groups,
such as nonfermenting gram-negative bacilli and gram-positive
bacilli may be difficult to identify despite successful culture and
attempted biochemical testing. Nonfermenting gram-negative
bacilli represent a group of pathogens that are difficult to
identify by conventional biochemical methods and may require
DNA sequencing for identification (1). In this study, gram-
negative bacilli accounted for 91% of respiratory tract isolates
and 58% of all isolates by Gram stain morphology. Prior stud-
ies have highlighted the identification challenges with unusual
gram-negative bacilli. Compared to results of extensive phe-
notypic methods, partial 16S rRNA gene sequencing identified
97.2% and 89.2% of atypical, aerobic, gram-negative bacilli to
the genus and species levels, respectively, in one study (29).
DNA sequencing yielded unambiguous results with the highest
concordance to established microorganism identifications rel-
ative to fatty acid profiling and carbon source utilization pat-
terns. Even gram-negative bacilli that are usually considered
straightforward, such as P. aeruginosa, may be challenging to
identify by phenotypic methods. Pediatric patients with cystic
fibrosis often yield P. aeruginosa isolates that are not identified
by phenotypic methods (7), and this study included 33 such
isolates that were identified unambiguously only by DNA
pyrosequencing.

Gram-positive organisms, such as those of the genera Mi-
crobacterium and Rothia, pose challenges for biochemical ap-
proaches to bacterial identification. The genus Microbacterium
represents a group of gram-positive bacilli that yielded multi-
ple clinical isolates refractory to biochemical identification in
this study. A prior study (19) documented the potential clinical
significance of Microbacterium isolates obtained from the pe-
ripheral blood of patients with myeloid leukemia. This study
(19) also highlighted the limitations of phenotypic methods for
Microbacterium species identification. Interestingly, all Mi-
crobacterium isolates in this study were also obtained from
peripheral blood specimens, emphasizing their potential im-
portance in immunocompromised children. Routine identifi-
cation of gram-positive cocci may benefit from DNA sequenc-
ing applications. The performance of DNA pyrosequencing
was superior to that of the VITEK 2 biochemical testing panel
for streptococcal speciation, and 75% of the group-level iden-
tifications were concordant between both methods (11). Rothia
species represent a distinct group of gram-positive cocci that
were detected in this set of isolates identified by DNA pyro-
sequencing. Specifically, Rothia mucilaginosa was identified
from several pediatric patients, and its identification highlights
the potential pathogenicity of this organism in immunocom-
promised patients. This species was reclassified from the genus
Stomatococcus (4) and represents a challenging group of or-
ganisms that often are not classified or are misidentified by
conventional approaches.

Advances in the chemistry of DNA pyrosequencing im-
proved the performance of this methodology during the time

of clinical testing covered in this study. The addition of recom-
binant E. coli single-stranded DNA binding protein to the
pyrosequencing reagents (PSQ Gold) enhanced the perfor-
mance of pyrosequencing in prior published studies (6, 26) and
in the current study. The addition of Ssb represents a key
modification in pyrosequencing chemistry that has been asso-
ciated with improvements in read length, reduction in misprim-
ing events, increased enzymatic efficiency, and greater accuracy
of sequencing data (26). This study suggests that the addition
of recombinant Ssb resulted in improved bacterial identifica-
tion. Further refinements in DNA pyrosequencing may further
increase read lengths and augment the ability to improve di-
agnostic accuracy. A recent study implicated the diminished
efficiency of apyrase as a possible culprit of limited read
lengths and provided evidence for superior performance of a
three-enzyme system (minus apyrase) (22). This study pro-
vided evidence that replacement of apyrase with a carefully
orchestrated washing step may improve read lengths to greater
than 300 bases (22).

The application of bioinformatics strategies to pathogen
identification presents several challenges. First, databases used
for the identification of clinical isolates should utilize phyloge-
netically validated databases, such as the RDP (http://rdp.cme
.msu.edu), instead of open sequence databases, such as
GenBank or EMBL, that lack phylogenetic validation of
microorganisms. Prior bacterial identification studies have usu-
ally queried generic databases, such as GenBank, with success.
However, database standards should be carefully considered in
the context of phylogeny, especially when considering DNA
sequencing strategies for the identification of clinical isolates
on a routine basis. Secondly, local databases may augment
comprehensive internet-accessible sequence databases by en-
abling the storage of specific sequence information of local
isolates or pathogenic clones. Patterns of sequence variation as
demonstrated in the study examining alpha-hemolytic strepto-
cocci (11) may be examined temporally and in the context of
disease and pathogen. The commercial IdentiFire database
(Biotage) facilitates the storage of DNA sequences obtained
from local clinical isolates. The software offers the ability to
immediately search a user-created database using the pyrose-
quencing data. Such local databases facilitate comparisons of
isolates circulating in particular geographical regions or indi-
vidual hospitals. These local sequence databases also make
faster searches possible with greater diagnostic accuracy since
a restricted pathogen database can be easily queried and
matched with recurrent phenotypic features of local difficult-to-
identify pathogens. An initial evaluation of this approach
has shown that the vast majority of identifications can be made
using automated searches of local databases as opposed to a
manual review of pyrosequencing data with open database
queries.

As part of a comprehensive polyphasic strategy, pathogen
identification could be enhanced in the diagnostic laboratory
by the integration of DNA sequencing with biochemical testing
and other phenotypic approaches. However, several limitations
should be addressed before widespread implementation of
such methodologies can occur in the clinical setting. Draw-
backs to the assay include the inability to definitively identify
approximately 10% of isolates submitted for sequencing in this
study, primarily due to limited read lengths. Refinements in
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this technology resulting in increased amounts of sequencing
data by real-time sequencing will strengthen the ability to ac-
curately identify pathogens to the species level. Additional
sequencing primers, which target different regions of the 16S
rRNA gene, intergenic sequences, or other coding sequences,
may facilitate improved diagnostic accuracy despite limited
sequencing data yields. The inability to sequence lengthy ho-
mopolymeric tracts represents another hurdle for DNA pyro-
sequencing. Improvements in base calling by software-related
algorithm enhancements, manual data interpretation, and re-
finements in the sequencing chemistry have generated more
robust capabilities of handling 3- to 5-base homopolymers.
Longer homopolymers should be avoided during the assay
design process. Similar to other sequencing strategies, DNA
pyrosequencing is limited by the need for pure bacterial iso-
lates. Mixed cultures lead to poor sequence quality and incon-
clusive data and may limit diagnostic yields with clinical iso-
lates if not effectively purified on plated medium prior to
sequencing. Sources of exogenous bacterial DNA contamina-
tion that may confound DNA sequence-based identification
include reagents used for assay performance. Initial develop-
ment of DNA pyrosequencing applications in this study em-
phasized the importance of bacterial DNA contamination in
sequencing reagents. One source of bacterial DNA contami-
nation was determined to be commercial preparations of ther-
mostable DNA polymerases, and 16S rRNA gene amplifica-
tion of contaminating DNA precluded the generation of
interpretable sequence data. Upon switching to a specialized
formulation of a thermostable DNA polymerase that mini-
mized the presence of bacterial DNA (e.g., AmpliTaq Gold
LD [Applied Biosystems]), background DNA sequence signals
were minimized and the reliability of DNA pyrosequencing
improved markedly.

The implementation of routine DNA sequencing in the clin-
ical laboratory necessitates multiple considerations, including
workflow, process integration, laboratory reporting, and per-
sonnel competencies. Multiple advantages of DNA pyrose-
quencing over conventional dideoxy sequencing strategies in-
clude user friendliness, a streamlined labor component, and
enhanced overall cost-effectiveness. In clinical laboratory set-
tings today, the molecular diagnostics and microbiology labo-
ratories are separate or molecular microbiology is a distinct
section within a larger microbiology operation. Because cul-
tured isolates are handled and tested initially in the microbi-
ology laboratory, guidelines must be established for the sub-
mission of isolates for DNA sequencing. Cutoff values, such as
probability-based biochemical identifications below 90%, pro-
vide discrete boundaries for the determination of decision-
making points in the workup. Microbiologists must be inti-
mately involved in the process in order to determine when an
isolate requires molecular strategies for identification so that
resources are managed effectively. The responsibility of select-
ing appropriate organisms for DNA pyrosequencing lies with
the microbiologist at the medical technologist and managerial
levels. Specimens that require further evaluation may necessi-
tate the involvement of the technical or medical director. Sub-
mitted samples are sequenced in the molecular pathology lab-
oratory, and resulting database queries are returned to the
microbiologist(s) for the compilation of polyphasic (genotypic
and phenotypic) data of each isolate prior to making a final

determination. The collaborative nature of this process re-
quires a laboratory structure and workflow that facilitates mul-
tiple interactions, including sample processing, data inter-
pretation, and laboratory reporting. The ongoing, although
belated, implementation of molecular methods for pathogen
identification will foster enhanced collaborations in clinical
laboratories and ultimately will improve the diagnostic accu-
racy of infectious diseases.
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