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Respiratory infection in cystic fibrosis (CF) is polymicrobial, but standard sputum microbiology does not account for the lung
microbiome or detect changes in microbial diversity associated with disease. As a clinically applicable CF microbiome surveil-
lance scheme, total sputum nucleic acids isolated by a standard high-throughput robotic method for accredited viral diagnosis
were profiled for bacterial diversity using ribosomal intergenic spacer analysis (RISA) PCR. Conventional culture and RISA were
performed on 200 paired sputum samples from 93 CF adults; pyrosequencing of the 16S rRNA gene was applied to 59 patients to
systematically determine bacterial diversity. Compared to the microbiology data, RISA profiles clustered into two groups: the
emerging nonfermenting Gram-negative organisms (eNFGN) and Pseudomonas groups. Patients who were culture positive for
Burkholderia, Achromobacter, Stenotrophomonas, and Ralstonia clustered within the eNFGN group. Pseudomonas group RISA
profiles were associated with Pseudomonas aeruginosa culture-positive patients. Sequence analysis confirmed the abundance of
eNFGN genera and Pseudomonas within these respective groups. Low bacterial diversity was associated with severe lung disease
(P < 0.001) and the presence of Burkholderia (P < 0.001). An absence of Streptococcus (P < 0.05) occurred in individuals with
lung function in the lowest quartile. In summary, nucleic acids isolated from CF sputum can serve as a single template for both
molecular virology and bacteriology, with a RISA PCR rapidly detecting the presence of dominant eNFGN pathogens or P.
aeruginosa missed by culture (11% of cases). We provide guidance for how this straightforward CF microbiota profiling scheme

may be adopted by clinical laboratories.

ystic fibrosis (CF) is an inherited condition characterized by
chronic endobronchial infection leading eventually to respi-
ratory failure (1). Traditional culture-based microbiological tech-
niques readily identify pathogens such as Pseudomonas aeruginosa
and Staphylococcus aureus, which are common and typical of
CF infection (2). Other CF pathogens, such as Burkholderia cepa-
cia complex and emerging pathogens such as Achromobacter,
Stenotrophomonas, Ralstonia, and Pandoraea species, are a chal-
lenge for conventional microbiology due to their taxonomic com-
plexity (2). These emerging non-Pseudomonas, nonfermenting
Gram-negative (eNFGN) species present multiple problems for
people with CF, including innate antibiotic resistance, uncertain
pathogenic outcome, and potential for transmission, and are pos-
sible contraindicators for subsequent lung transplantation (3).
CF therapy has evolved to optimize the prevention and sup-
pression of bacterial infections known to be associated with clin-
ical deterioration, such as P. aeruginosa (4, 5) or B. cepacia com-
plex (6). Recent culture-independent analysis of CF infection
revealed the presence of considerable bacterial diversity (collec-
tively known as the CF microbiota) that is not captured by stan-
dard culture (7). Facultative and obligately anaerobic bacterial
genera such as Streptococcus and Prevotella, respectively, fre-
quently go undetected unless dedicated anaerobic culture or mo-
lecular analyses are used (8, 9). It has also been suggested that
different CF lung microbial communities might act as pathogenic
entities in their own right (10). Studies demonstrating loss of bac-
terial diversity as patients age and their lung function declines
provide evidence for a wider role of the respiratory microbiome in
disease progression (11-13). A lack of microbial diversity in pa-
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tients with severe lung disease has also been observed by direct
sampling of explanted lungs from CF individuals with end-stage
disease, where pathogens such as P. aeruginosa, B. cepacia com-
plex, and Achromobacter xylosoxidans were found to be dominant
in the limited number of cases studied (14).

Understanding the role of the CF lung microbiota and detect-
ing dysbiosis associated with severe infection are key challenges
for the delivery of future CF therapy. Although next-generation
sequencing of the 16S rRNA gene is the gold standard in bacterial
diversity analysis (7, 15), its widespread implementation in rou-
tine diagnostic microbiology is not yet possible. However, CF bac-
teriology laboratories increasingly use PCR for bacterial identifi-
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TABLE 1 Baseline demographics of study participants”

16S rRNA gene
Full RISA pyrosequencing
Characteristic cohort subset
No. of patients 93 59
Age (yr) 28(23-35) 28 (23-34)
Gender (% female) 53 47
Body mass index (kg/m?) 21.9 (2.9) 22.1(3.1)
Baseline FEV, (% predicted) 59.5 (21.7) 57.4 (21.8)
% with:
Chronic P. aeruginosa infection 74.2 69.5
Chronic methicillin-sensitive S. 15.1 11.9

aureus infection
Chronic methicillin-resistant S. 4.3 3.4
aureus infection
Chronic B. cepacia complex infection

14.0 18.6

@ RISA, ribosomal intergenic spacer analysis; FEV, forced expiratory volume in Is.
Data are mean (SD), median (interquartile range), or percent, as appropriate.

cation, especially to confirm infections with CF pathogens that are
difficult to identify using phenotypic methods such as B. cepacia
complex species (2). Ribosomal intergenic spacer analysis (RISA)
is a simple, single-step PCR-based method for profiling microbial
diversity that detects the variation in size of the intergenic tran-
scribed spacer (ITS) region between the bacterial 16S and 23S
rRNA genes (16). RISA has been extensively used to profile micro-
bial diversity in a range of environmental settings (16, 17). A basic
RISA PCR was employed to detect bacterial diversity changes in 6
patients in a study demonstrating that antipseudomonal therapy
reduced the presence of Aspergillus in sputum (18); during that
study, RISA appeared useful as an indicator of diverse or patho-
gen-dominated infections. To evaluate if RISA could be employed
as a routine PCR diagnostic to detect microbial diversity in CF, it
was applied to a large observational survey of adult CF patients.
RISA was compared to conventional culture and microbiota pro-
filing by16S rRNA gene pyrosequencing, with the sequence-based
diversity also being compared to patient clinical data. To facilitate
routine uptake of this microbial diversity profiling scheme, total
DNA extracted from sputum using an automated, clinically ac-
credited procedure employed in viral diagnosis was used. The per-
formance of the PCR profiling diagnostic scheme compared to
culture and its correlation to sequence-based microbial diversity
analysis and clinical outcome data are described.

MATERIALS AND METHODS

Clinical samples and conventional microbiology. Sputum samples (n =
200) were collected from 93 adult CF patients attending the Manchester
Adult Cystic Fibrosis Centre, Wythenshawe Hospital, United Kingdom,
with consent and full ethical permission (Greater Manchester West NHS
Research Ethics Committee study reference number 10/H1014/71). In all
cases, CF had been diagnosed prior to study entry on the basis of clinical,
biochemical, and genetic results in line with standard clinical practice. At
each visit, patients provided paired sputum samples for conventional cul-
ture and culture-independent analysis (RISA and 16S rRNA gene pyrose-
quencing; see below). Samples were expectorated spontaneously by the
patient into sterile containers, and a single sample was split for each anal-
ysis. Sputum samples were transported on the same day to the on-site
microbiology laboratory and processed according to established guide-
lines published by the United Kingdom Cystic Fibrosis Trust (19). Sam-
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ples were labeled with unique identifiers corresponding to the patient and
clinic visit.

Sputum nucleic acid extraction. Sputum specimens for culture-inde-
pendent analysis were transported within 24 h to the regional virology
laboratory in Manchester for processing as described previously (20). Af-
ter liquefaction and dilution in extraction buffer within a containment
level 3 laboratory (a standard precaution against unknown tuberculosis
cases within respiratory specimens), sputum samples were processed in an
extraction-dedicated containment level 2 laboratory. To avoid and mon-
itor for contamination, a no-template control (nuclease-free deionized
water) was included in all extraction batches, and environmental swab-
bing and testing of positive/negative extraction controls was carried out
on a regular basis. Briefly, sputum was mixed in a 1:1 ratio with AL lysis
buffer (Qiagen, Hilden, Germany) to a volume of 600 pl before being
inactivated at 80°C for 20 min. Samples were stored at —80°C before
undergoing DNA extraction. Total nucleic acids were extracted from spu-
tum using the automated QIAamp virus Biorobot MDx instrument (Qia-
gen, Hilden, Germany) in accordance with the manufacturer’s instruc-
tions and procedures to avoid sample cross-contamination. Extracted
DNA samples were stored at —80°C until further analysis.

PCR diagnostics. RISA was performed as described previously (18).
Briefly, PCRs were set up with 1 .l of extracted sputum DNA (approxi-
mately to 20 to 40 ng) and 10 pmol of each RISA PCR primer (1406F,
TGYACACACCGCCCGT, and 23SR, GGGTTBCCCCATTCRG) (16).
RISA amplicons (2 pl of amplified DNA) were separated by microfluidics
(Agilent 2100 Bioanalyzer; Agilent Technologies, California, USA), and
their profiles were analyzed using Gelcompar II (Applied Maths, Sint-
Martens Latem, Belgium) and clustered based on their similarity as de-
scribed previously (21). DNA from pure bacterial cultures of reference CF
pathogen species was used to generate control ITS amplicons for putative
pathogen identification based on size correlation. Negative controls con-
taining water were included with every batch of sputum DNA extracts
analyzed and produced no amplification products. The in silico PCR tool
(22) was used to predict ITS amplicon size from the genome sequences of
selected CF pathogens and microbiota species.

16S rRNA gene pyrosequencing. A subset of samples from 60 patients
representative of the diversity observed by RISA profile cluster analysis
(see Fig. S3 in the supplemental material) were selected for 16S rRNA gene
pyrosequencing analysis (23). The first sputum sample (designated sam-
ple A) provided by each patient was used for 16S rRNA pyrosequencing,
except for patients 39 and 58; for these individuals, the second sample
(designated sample B) was used due to a lack of remaining extract in their
first sample. Sufficient amplicon reads for statistical analysis were success-
fully obtained from 59 out of the 60 selected samples. Pyrosequencing was
performed by Research and Testing Laboratory Inc. (Lubbock, TX, USA).
Briefly, approximately 100 ng of sputum DNA was amplified using the
universal 16S rRNA gene primers 530F (5'-GTG CCA GCM GCN GCG
G) and 1100R (5'-GGG TTN CGN TCG TTG), targeting the V4 to V6
regions of the bacterial 16S rRNA gene. Resulting amplicons were se-
quenced using the Genome Sequencer FLX system (Roche, Nutley, NJ).
No template controls were taken through the entire pyrosequencing pipe-
line to monitor for contamination. The 16S rRNA gene pyrosequencing
reads were analyzed using MOTHUR version 1.33 (24) (www.mothur
.org). After normalization, one sample (57A) was excluded from the final
analysis due to the number of generated reads falling below the threshold
level of 1,000. Sequences were assigned to genus level using the Ribosomal
Database Project classifier (25). Diversity indices, species richness, and
rarefaction analysis were carried out in MOTHUR (24). Additional mi-
crobial population analyses were performed using Statistical Analysis of
Taxonomic and Functional Profiles (STAMP) version 2.07 (26).

Statistical analysis. Statistical analyses were performed using R (27),
and data are presented as means (* standard deviations) or medians (*
interquartile ranges) as appropriate. One-way analysis of variance
(ANOVA) was used to compare subgroups of patients with distinct RISA
profiles. A pairwise f test was used to assess the diversity differences in
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samples dominated with selected pathogens, and the Bonferroni correc-
tion was applied to allow for multiple comparisons. Multiple linear re-
gression was used to investigate the effect of demographic variables on
indices of sputum bacterial diversity. The conventional P value of <0.05
was used to determine statistical significance, and multiple comparisons
were corrected with the Bonferroni and Storey false discovery rate (FDR)
algorithms, as indicated.

Nucleotide sequence accession number. The 16S rRNA gene reads
were submitted to the European Nucleotide Archive (accession number
PRJEB7867).

RESULTS

Efficacy of sputum DNA and RISA for bacterial diversity profil-
ing in CF. A total of 200 sputum samples were analyzed from 93
adult CF patients between December 2010 and November 2011.
Baseline demographics of the entire study cohort and those suc-
cessfully subjected to 16S rRNA pyrosequencing analysis (n = 59)
were similar, except for a greater number of B. cepacia complex-
infected patients in the sequenced subset (Table 1). Patients con-
tributed a median of 2 samples (range, 1 to 5) to the full data set,
and 77 (38.5%) of 200 specimens were collected at the time of
pulmonary exacerbation. RISA bacterial diversity profiles were
generated successfully from all 200 samples, and paired microbial
culture data were available for 179 of these. RISA profiles were
reproducible for individual samples amplified on multiple occa-
sions (see Fig. S1 in the supplemental material) but showed stabil-
ity or variation across sequential samples typical of that seen in
chronically infected CF patients (see Fig. S2 in the supplemental
material) (13).

Distinct bacterial diversity profiles correlated to pathogen
culture data. Cluster analysis identified multiple RISA profile
similarity groups, with two designated the eNFGN and Pseudormo-
nas groups, apparent when correlated to the paired sample CF
pathogen culture data (Fig. 1; also, see Fig. S3 in the supplemental
material). Sixty samples (Fig. 1) representative of the overall mi-
crobial diversity (see Fig. S3) were selected for 16S rRNA gene
sequence analysis, and the same major RISA profile groups were
observed for this subset. The eNFGN group profiles (50 samples
representative of 26 patients) (see Fig. S3) were 50% culture
positive for either Burkholderia, Achromobacter, Ralstonia, or
Stenotrophomonas; only 20% of these samples grew P. aeruginosa.
Their ITS profiles were dominated by amplicons correlating to
those expected from each respective eNFGN species (Fig. 1; also,
see Fig. S3). The Pseudomonas group RISA profiles (150 samples
representative of 74 patients) (see Fig. S3) were mixed in terms of
ITS diversity (Fig. 1) but were unified by a high proportion of P.
aeruginosa culture positivity (74%) (see Fig. S3) for the paired
sputum samples; only 10 of these 150 samples grew an eNFGN
species (see Fig. S3). The samples selected for 16S rRNA gene
bacterial diversity analysis demonstrated similar rates of pathogen
culture positivity (13 of 24 [54%] positive for an eNFGN in that
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group; 29 of 36 [80%] Pseudomonas group samples positive for P.
aeruginosa).

Dominant ITS amplicons correlating to Burkholderia, Achro-
mobacter, Ralstonia, and Stenotrophomonas were clearly visible in
the eNFGN group profiles, with few other ITS fragments being
amplified from these samples (Fig. 1). 16S rRNA gene pyrose-
quencing analysis substantiated the presumptive bacterial identity
based on ITS amplicon size, with sequence reads for each pre-
dicted eNFGN genus detected in 20 of the 24 samples clustered in
this group (Fig. 1). For example, samples 24A, 26A, 38A, and 13A
were positive by ITS amplicon, 16S rRNA gene sequence, and
culture analysis for Burkholderia, Stenotrophomonas, Ralstonia,
and Achromobacter, respectively (Fig. 1). A dominant 753-bp am-
plicon correlating to the ITS size of P. aeruginosa was clearly visible
in 16 of the Pseudomonas group samples (e.g., sample 01A) (Fig.
1); 32 of 36 (88%) of these samples had Pseudomonas 16S rRNA
gene sequence reads as the most abundant genus (Fig. 1). Since
culture data and 16S rRNA gene sequencing had validated the
identity of the dominant pathogens present in the eNFGN and
Pseudomonas RISA groups, respectively, this nomenclature and
group designation was adopted for the subsequent microbial di-
versity analysis.

RISA identified CF pathogens missed by standard culture. In
11 out of 93 patients (11.8% of cases) where a CF pathogen was
notisolated on sputum culture, the RISA profile rapidly identified
a specific CF pathogen based on the presence of a dominant, dis-
tinctive ITS amplicon, which was confirmed by subsequent 16S
rRNA gene-based identification (Table 2). Of these 11 cases, 8
were linked to infection with a difficult-to-identify eNFGN spe-
cies; 3 samples were associated with dominant Stenotrophomonas
species, 3 with Burkholderia species, and 2 with Achromobacter
species. For example, samples 71A and 26A were both noted as
containing “normal flora” by culture but had a RISA profile con-
taining a single dominant ITS and 16S rRNA gene reads correlat-
ing to Stenotrophomonas (Fig. 1). Sample 44A was also identified
as containing “normal flora” by culture but was dominated by an
ITS and sequence reads correlating to Achromobacter (Fig. 1). The
remaining 3 cases were dominated by Pseudomonas; however,
one of these (84A) clustered within the eNFGN group, with
Stenotrophomonas (42%) being second in abundance to Pseu-
domonas (54%), yet only P. aeruginosa was reported on culture.

RISA profiling rapidly detects dominant CF pathogens and
low bacterial diversity. The microbiota dysbiosis between the
Pseudomonas group and eNFGN group (Fig. 1) was borne out
with respect to a greater proportional abundance of 16S rRNA
gene reads for Pseudomonas (P < 0.001), and Burkholderia (P =
0.008), respectively (see Fig. S4 in the supplemental material).
Prior to statistical correction, Achromobacter and Stenotrophomo-
nas 16S rRNA gene reads were also associated with the eNFGN
group, correlating with presence of dominant ITS amplicons for

FIG 1 RISA profiles for the 60 sputum DNA samples selected for 16S rRNA gene pyrosequencing. Cluster analysis of the 60 samples selected for bacterial diversity
sequencing analysis is shown; sample 57A was subsequently excluded from further analysis because it produced fewer than 1,000 16S rRNA gene pyrosequencing
reads. The two similarity groups correlating to cultivated pathogens— eNFGN species and Pseudomonas—are labeled on the right. The size and correlation of
specific ITS amplicons are indicated for samples from which the same species had been cultured. Patient number, microbiology data, and the top 3 bacterial
genera (percent relative abundance) in the 16S rRNA sequencing analysis are listed (right columns). The percentage profile similarity is shown on the scale bar
(top left) and dendrogram branches. Microbial identifications are abbreviated as follows: Ac, Achromobacter; At, Actinomyces; Bu, Burkholderia; C, Candida; Fu,
Fusobacterium; Ha, Haemophilus; G?, unidentified Gram-negative rod; Ge, Gemella; N, normal flora; Mi, Micrococcus; Ne, Neisseria; Pd, Pandoraea; Pv, Prevotella;
Ps, Pseudomonas; Ra, Ralstonia; Ro, Rothia, Sn, Stenotrophomonas; St, Staphylococcus; Sr, Streptococcus; Ve, Veillonella; and Ow, Owenweeksia.
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TABLE 2 CF pathogens missed by culture but captured by the microbiota profiling

Result of molecular analysis-based diagnostics

16S rRNA
Patient sample Pathogen or organism isolated by culture® RISA cluster pyrosequencing
9A Candida Pseudomonas 39% Pseudomonas
21A S. aureus, P. aeruginosa, GNR? failed ID, and yeasts eNFGN 99% Burkholderia
26A None eNFGN 99% Stenotrophomonas
32A P. aeruginosa, GNR? failed ID eNFGN 36% Burkholderia
39A Normal flora Pseudomonas 93% Pseudomonas
44A Normal flora eNFGN 95% Achromobacter
71A Yeasts eNFGN 99% Stenotrophomonas
84A None eNFGN 549% Pseudomonas
42% Stenotrophomonas
87A None eNFGN 72% Burkholderia
89A Normal flora eNFGN 93% Stenotrophomonas
96A P. aeruginosa eNFGN 78% Achromobacter

“ GNR? failed ID, Gram-negative rod with failed initial identification.

these respective pathogens in the RISA profiles (Fig. 1). The pres-
ence of dominant pathogens was also observed to reduce the over-
all bacterial diversity seen in 16S RNA gene reads for the samples
(Fig. 2). A significantly lower Shannon diversity index was seen in
samples dominated by Burkholderia (P < 0.001) compared to
samples not dominated by this genus, Stenotrophomonas, or Pseu-
domonas (Fig. 2). The presence of dominant Pseudomonas and
Stenotrophomonas 16S rRNA gene reads also considerably reduced
the overall bacterial diversity but this trend did not reach statistical
significance (Fig. 2).

Pathogen dominance and reduced bacterial diversity corre-
late to poor lung function. The bacterial diversity data were also
compared to clinical parameters for the 59 patients where suffi-
cient depth of 16S rRNA gene reads were obtained. Correlation of
lung function (percent predicted force expiratory volume in 1 s

-

w &
] ]
T 1

Shannon Diversity Index
N
1
T

-
]
T

Achromobacter Diverse

Burkholderia Pseudomonas

FIG 2 Effect of dominant pathogens on total sputum microbial diversity. The
nonparametric Shannon diversity index range (the median is indicated by the
line and value) for samples that were dominated by 16S rRNA gene reads for
Achromobacter (n = 5), Burkholderia (n = 8), and Pseudomonas (n = 37),
respectively, are shown. The diversity index range for samples not dominated
by these CF pathogen operational taxonomic units was plotted as a single
group designated “Diverse” (n = 9). The difference between the Burkholderia
and “Diverse” group samples was significant (P < 0.001; ¢ test with Bonferroni
correction).
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[FEV,]) to bacterial diversity revealed a significant (P = 0.033)
trend between low diversity and poor lung function (Fig. 3). Cor-
relation of the microbiota sequencing data with patient age and
body mass index (BMI) also demonstrated that low bacterial di-
versity was associated with increased age and low BMI, although
these trends did not reach significance (see Fig. S5 in the supple-
mental material). To identify the bacterial genera that were re-
duced in number as lung disease severity increased, patients were
divided into those with upper-quartile and lower-quartile percent
predicted FEV,. The proportional abundance of Streptococcus was
significantly (P = 0.045) reduced in patients with lung function in
the lowest quartile (Fig. 4). A trend in reduction for 16S rRNA
gene reads for Gemella, Granulicatella, Prevotella, and Veillonella
was also observed in the patients with low-quartile lung function
but did not reach statistical significance (see Fig. S6 in the supple-
mental material).

Shannon Diversity Index

20 40 60 80 100
% Predicted FEV,

FIG 3 Loss of lung function correlates with reduced microbial diversity. The
nonparametric Shannon diversity index for the 59 patients with complete 16S
rRNA pyrosequencing data was plotted against their percent predicted forced
expiratory volume in 1 s (FEV,). The trend shown by the regression line was
significant (P = 0.033; adjusted R?, 0.06078; F statistic, 4.754 on 1 and 57
degrees of freedom).
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FIG 4 The relative abundance 16S rRNA gene reads for Streptococcus is significantly reduced in patients with low lung function. Bacterial diversity for patients
with lung function in the lowest quartile (# = 15) was compared by ANOVA to that for individuals with top quartile percent predicted FEV, (n = 14 for each
group [indicated by brackets]). The proportion of reads for Streptococcus has been plotted for each patient. The mean abundances for the low- and high-quartile
groups (horizontal lines) were significantly different (P = 0.045; Storey FDR correction).

DISCUSSION

Multiple studies have shown that considerable microbial diversity
is present within the infected lungs of people with CF (7, 8). The
recent demonstration that high pathogen abundance (12) and low
microbial diversity are clinically linked to severe lung disease (11,
13, 14) provides compelling arguments for the introduction of
diagnostic approaches that account for CF microbiome types into
routine clinical practice. Applying microbiome-based surveil-
lance on a large scale for CF infection has been limited by multiple
factors, including the technical complexity of extracting template
DNA and the specialist sequencing or bioinformatics expertise
required for 16S rRNA gene analysis. We have shown that these
issues can be overcome by linking CF bacteriology with sputum
DNA samples extracted for clinically accredited sputum virology
and applying basic PCR profiling (16) ahead of state-of-the-art
microbiota sequencing approaches (11, 13, 14). This simple, PCR-
led molecular diagnostic scheme should be widely applicable in
current CF microbiology laboratories and can accurately detect
dominant infections with problematic eNFGN bacteria and the
loss of microbial diversity in patients with severe lung disease.
Recent studies have shown that low bacterial diversity in CF is
associated with severe lung disease (11-14) and this observation
was corroborated in the present study, one of the largest surveys of
the CF microbiome to date (Fig. 3). P. aeruginosa has been shown
to be one of the pathogens that may dominate when microbial
diversityislost (11, 13, 14). Evidence for Achromobacter and Burk-
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holderia dominance in the explanted lungs of individual patients
with end-stage lung disease has been established (14). Dominant
Achromobacter (1 patient) and Stenotrophomonas (5 patients) was
also observed in bronchoalveolar lavage samples from children
with CF (28). Our data expands the range of eNFGN pathogens
observed to dominate during CF infection to include the genus
Ralstonia (Fig. 1). We have also shown for the first time that the
presence of Burkholderia is statistically correlated to reduced mi-
crobial diversity in CF (Fig. 2), correlating to their known ability
to secrete antagonistic antibiotics capable of killing other CF bac-
teria (29). Extrapolation of the systematic identification data from
the 59 16S rRNA gene-sequenced samples (Fig. 1) to the 200 RISA
profiles (see Fig. S3 in the supplemental material) suggests that
over 40% of CF adults have infections dominated by a single
Gram-negative antimicrobial-resistant pathogen.

While identification of P. aeruginosa is straightforward by con-
ventional culture, the eNFGN species identified by our CF micro-
biota analysis pose challenges to correct isolation and identifica-
tion (3, 30). Lack of identification of eNFGN species despite their
domination of the 16S rRNA gene sequencing data or RISA anal-
ysis was seen in 8 cases, with two of these (32A and 21A) (Fig. 1)
being reported as culture positive for P. aeruginosa and an un-
known Gram-negative organism (Table 2). The relative abun-
dance of Pseudomonas in the two latter samples was 3.4% and
0.001%, respectively, suggesting that the status of P. aeruginosa as
the major CF pathogen leads to its being reported by CF microbi-
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ology laboratories, even if its numbers are highly diminished in a
sample. Given that one quarter of the 200 CF sputum samples
examined were dominated by either Burkholderia, Stenotroph-
omonas, Ralstonia, or Achromobacter (see Fig. S3 in the supple-
mental material), P. aeruginosa may be overreported and eNFGN
species underreported by routine CF microbiology. Since these
eNFGN species are innately antibiotic resistant and are associated
with both low diversity and severe lung infection, measures to
improve their quantitative identification and subsequent thera-
peutic targeting should be considered.

Ithasbeen recognized that in addition to routine culture-based
methodologies, CF microbiology needs to embrace a range of mo-
lecular techniques capable of dealing with the complexity of the
lung microbiome, in particular using direct sampling methods to
identify unconventional or emerging CF pathogens (30). Clinical
microbiology laboratories considering introducing a simple mi-
crobiota profiling scheme into their CF diagnostic practices
should consider the following. In terms of high-throughput ro-
botic DNA extraction systems, multiple platforms on the market
perform at a level equivalent to that of the system used in this
study. To evaluate their suitability, the ability to lyse certain target
organisms, such as mycobacteria and fungi, which may be difficult
to break open, should be assessed. After RISA PCR, care should be
taken with the interpretation of the RISA I'TS amplicon profiles, as
these are a measure of bacterial diversity rather than an absolute
means to identify specific pathogens. ITS standards for P. aerugi-
nosa and the common eNFGN species should be generated as
controls, but correlation of ITS amplicon size should not be taken
as unequivocal proof of identity; follow-up using species-specific
PCRs or 16S rRNA gene sequencing should be employed for this
purpose. Overall, by using a basic RISA microbiota profiling
scheme, clinical laboratories should be able to (i) rapidly differen-
tiate sputum samples dominated by P. aeruginosa or an eNFGN
species; (ii) follow up with further identification of eNFGN patho-
gens, such as Burkholderia, Achromobacter, Stenotrophomonas,
and Ralstonia, that were missed by culture and are difficult to
identify; and (iii) report a status of either “diverse” or “pathogen
dominated” for sputum samples, to help with future understand-
ing of how to select antibiotics and manage polymicrobial CF
infections.

Applying cultivation-independent molecular approaches based
on DNA has been integral in advancing our current understand-
ing of the CF microbiome (31) and clinically effective in surveil-
lance and control of highly transmissible pathogens, such as Burk-
holderia (32). Obtaining template nucleic acid representative of
the infectious organisms in sputum is a fundamental consider-
ation for the translation of molecular diagnostics into routine
clinical use. Because of the difficulties associated with the culture
of viruses, clinical virology has already validated multiple molec-
ular techniques such as sputum PCR and DNA sequencing for
routine use (33). We have shown that CF sputum DNA isolated
using a clinically accredited, automated protocol for respiratory
virus diagnosis (20) serves as a clinically valid template for bacte-
rial diversity analysis in CF. Linking of virology diagnostic re-
sources with CF bacteriology should be exploited in future to al-
low the evaluation of the respiratory microbiome in day-to-day
clinical practice. Such strategies could also prove highly relevant
to other respiratory diseases, such as non-CF bronchiectasis or
chronic obstructive pulmonary disease.
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