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Abstract

Here, we report an approach to detect diverse bacterial and fungal taxa in complex
samples by direct analysis of community RNA in one step using NanoString probe sets. We
designed rRNA-targeting probe sets to detect forty two bacterial and fungal genera or species
common in cystic fibrosis (CF) sputum, and demonstrated taxon-specificity of these probes as
well as a linear response over more than three logs of input RNA. Culture-based analyses
correlated qualitatively with relative abundance data on bacterial and fungal taxa obtained by
NanoString and the analysis of serial samples demonstrated the use of this method to
simultaneously detect bacteria and fungi and to detect microbes at low abundance without an
amplification step. The relative abundances of bacterial taxa detected by analysis of RNA
correlated with the relative abundances of the same taxa as measured by sequencing of the
V4V5 region of the 16S rRNA gene amplified from community DNA from the same sample. We
propose that this method may complement other methods designed to understand dynamic
microbial communities, may provide information on bacteria and fungi in the same sample with
a single assay, and, with further development, may provide quick and easily-interpreted

diagnostic information on diverse bacteria and fungi at the genus or species level.
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Importance

Here we demonstrate the use of an RNA-based analysis of specific taxa of interest, including
bacteria and fungi, within microbial communities. This multiplex method may be useful as a
means to identify samples with specific combinations of taxa and to gain information on how
specific populations vary over time and space or in response to perturbation. A rapid means to
measure bacterial and fungal populations may aid in the study of host response to changes in

microbial communities.
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Introduction

Cystic Fibrosis (CF) is a life-limiting genetic disease associated with chronic lung infection
that often leads to progressive lung function decline interspersed with pulmonary
exacerbations (1-4). CF lung infections are often polymicrobial, heterogeneous between
subjects, variable within individuals over time and can contain bacteria, fungi, and viruses (5-
14). The characterization of microbes within CF sputum samples containing diverse bacteria and
fungi has been performed using various methods including culturing on different media,
sequencing of PCR amplicons for ribosomal RNA genes (rDNA) or ITS (internal transcribed
spacer) sequences from bacteria and fungi, respectively, and metagenomic sequencing of
community DNA. In this work, we assess the use of the NanoString nCounter technology (15) to
detect specific bacterial and fungal taxa in sputum samples from individuals with CF-related
respiratory infections.

The NanoString methodology detects RNAs using color-coded probe pairs that are
optically detected. Together, a fluorescent reporter probe and a capture probe recognize an
approximately one hundred base pair sequence within the target RNA. The target RNA-probe
complexes are then captured and counted based on their unique fluorescent probe signatures
(Fig. 1). Barczak et al. (16) previously demonstrated the use of this technology to detect
species-specific mMRNAs of bacteria, parasites, and fungal species and viruses in samples of
blood and urine containing one pathogen, but not in clinical samples with complex
communities such as CF sputum. In addition, NanoString-based methods were used to monitor

seventy-five Pseudomonas aeruginosa virulence-associated mRNAs in RNA from CF sputum (17)
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and to detect pathogen mRNAs in samples from single-species mammalian infection models
(18-21).

We designed and tested taxon-specific NanoString probe sets for the simultaneous
detection of forty-two CF-associated bacterial and fungal genera or species by monitoring levels
of rRNAs. Probe fidelity was determined using control RNA mixtures as well as by comparison to
results obtained by culture and previously established DNA-based community profiling methods.
This technology can be used to monitor diverse taxa of interest, including but not limited to,
bacterial and fungal targets, in complex microbe-containing samples. We demonstrate its use in
monitoring changes in populations over time. Future applications of this approach include the
development of improved diagnostics and strategies to monitor changes in microbial

communities in response to perturbation.

Results
Probe selection and design

The bacteria and fungi commonly found in CF respiratory sputum have been well-
described by culture and deep sequencing methods (5, 6, 14, 22-26). With this knowledge of
species likely to be present, we designed a set of NanoString probes to detect taxon-specific
rRNA sequences within total RNA isolated from sputum. In addition to the forty-two bacterial
and fungal genera or species that are frequently detected in CF sputum, we included a few
other taxa that commonly occur in non-CF respiratory samples (Table 1). In some cases, we
designed genus-level probes (e.g. Streptococcus and Staphylococcus) in addition to probes that

could detect specific species or complexes within these genera. For other taxa, such as
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94  Burkholderia, only a genus-level probe was included to streamline analysis and limit costs for
95  this proof of concept study. For each taxon that we chose to monitor, a NanoString probe set
96  was designed to target rRNA sequences from bacterial (16S or 23S rRNA) or fungal taxa (18S or
97  28S rRNA). Two probes that recognized adjacent sequences within a consecutive 100-

98 nucleotide region were designed and one was modified to serve as the capture probe and the
99 other modified to serve as the reporter probe (Fig. 1). The sequences for the two probes were
100 designed to have >95% identity to the comparable region in all publically available genomes for

101 the target taxon (inclusivity criteria) and less than 90% sequence identity to any non-ribosomal
102 RNA sequence in the genomes of bacteria, fungi or humans available in Genbank at the time of
103  probe design (exclusivity criteria) as described in the methods. The inclusivity and exclusivity
104  assessments are presented in Table S1.

105

106  Analysis of specificity of probes using mixes of RNA from single-species cultures.

107 To accompany the computational analysis, which suggested that taxon-targeting rRNA
108 probes would be specific based on exclusivity and inclusivity criteria, we performed control
109  experiments using mixes of total RNA from single species cultures of twelve bacteria and two
110  different fungi to assess potential cross-reactivity. We prepared mixtures of RNA extracted from
111 single species cultures. Each mixture, containing equivalent amounts of RNA from three to five
112  species, was analyzed using the panel of NanoString probe sets. The species RNA included in
113  each mix are indicated in Fig. 2 (see Table S2 for strain information).

114 Taxon-specific probe sets gave strong positive signals, measured as counts, when

115  cognate rRNAs were present in the mix (Fig. 2). The average positive signal was 1000-fold
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116  higher than the signals from other probe sets. There were no cases of false positives due to
117  cross-reaction with other probes (counts for all probes shown in Table S3A). As shown for
118  Mixes 2 and 5, the Streptococcus salivarius RNA reacted with the species specific Streptococcus
119  salivarius probe (St.s) and the Streptococcus spp. probe (St. sp.), while Streptococcus anginosus
120 only reacted with the genus level Streptococcus spp. probe as no species-specific probe was
121 present. Both Staphylococcus aureus and Staphylococcus epidermidis reacted with the
122  Staphylococcus spp. (S.sp) probe. Two different Burkholderia species, B. multivorans and B.
123  cenocepacia, were detected by the Burkholderia species probe (B. sp.). Each mixture that
124  included Pseudomonas aeruginosa included RNA from a distinct clinical isolate (strains detailed
125 in Table S1), and each reacted equally well with the species-specific P. aeruginosa probe.
126  Candida parapsilosis and Aspergillus fumigatus RNAs reacted specifically with their cognate
127  probes, and did not cross-react with probes from other Candida or Aspergillus species,
128  respectively.

129 To assess the range of counts for which probe set signals were linear, we analyzed RNA
130 Mix 1, which contained RNA from Pseudomonas aeruginosa, Haemophilus influenzae, and
131 Staphylococcus aureus, with total RNA amounts from 0.0005 ng to 5 ng. We found that the
132  probe sets for P. aeruginosa, H. influenzae and S. aureus all yielded the expected linear increase
133 in counts that correlated with sample input with the linear range between 100 and >70,000
134  counts (R*>0.999 for all three taxa) (Table S3A).

135

136  RNA-derived NanoString profiles were consistent across replicates.
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137 As a first step towards evaluating the NanoString panel above for the analysis of
138  microbial communities within sputum, we obtained de-identified sputa that were expected to
139  contain many of the taxa targeted by the probes that we had designed. We extracted total RNA
140 from five sputum samples (sputum samples A-E), and analyzed the RNA in two independent
141 runs. In every case, we found that rRNA counts for each bacterial and fungal taxon strongly
142  correlated between replicates indicating the high reproducibility of the method (Fig. S1A,
143  R*>0.999 each sample). The counts from bacteria- and fungus-targeting probes are plotted
144  separately (Fig. S1A) as the counts for bacterial RNAs were 100- to 1000-fold higher than those
145  for the fungi suggesting that the bacteria were more abundant. In addition, we separately
146  recovered RNA from homogenized sputum that had been divided into three aliquots (samples F,
147 G and H). Again, we found that the relative abundances of different taxa present in the three
148  replicates from each sample were highly similar (Fig. S1B, R>>0.9 in each pairwise comparison
149  per patient).

150 In the NanoString method, probes bind directly to their RNA targets without a cDNA
151  synthesis step or any other enzymatic manipulation. Double-stranded DNA is not available for
152  hybridization (Fig. 1). To confirm that the NanoString analysis of rRNA was detecting RNA and
153  not DNA, three sputum-derived RNA samples were analyzed before and after RNase treatment.
154  Total number of counts for all probe sets above background was reduced by >99% for all
155  samples after RNase treatment and the community patterns determined by NanoString were
156  markedly altered after RNase treatment indicating that RNA, and not DNA, was giving rise to
157  the detected counts (Fig. S2 and Table S3B).

158
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159  Simultaneous analysis of bacteria and fungi using NanoString in sputum sample series from
160 six patients hospitalized for disease exacerbations

161 One of the impetuses for designing this RNA-based method for complex culture analysis
162  of CF sputum is to overcome several challenges associated with current culture based protocols
163 including 1) the need to analyze CF samples using at least six different culture media (Blood
164  agar, Chocolate Agar, MacConkey Agar, Saboraud Dextrose Agar, Mannitol Salt Agar, and OFPBL
165 (Oxidation/Fermentation-Polymyxin-Bacitracin-Lactose) medium to detect potential pathogens
166  of interest, 2) the inability to readily identify some pathogens, such as Achromobacter
167  xylosoxidans, by growth characteristics alone, 3) the wide variation in growth kinetics and
168  colony morphology types within a species, and 4) the use of a small, fixed volume of sputum
169  which may limit the detection of less abundant or heterogenously-distributed species. To both
170  assess the accuracy of NanoString 16S rRNA analysis as a technique for detecting species of
171  interest within a mixed community and for assessing changes in sputum microbiota across
172  samples from the same subject, we obtained and analyzed sample series from six hospitalized
173 individuals undergoing treatment for disease exacerbation (designated E1 to E6). In each series,
174  a sample was obtained on the first day of treatment then at least one more and as many as six
175 more samples were obtained on subsequent days. A total of twenty-five sputa were analyzed.
176  In addition to the clinical culture analysis of the Day 0 sample (Table 2), all specimens were
177  plated on Sheep Blood Agar (SBA), Pseudomonas Isolation Agar (PIA) and Sabouraud Dextrose
178  Agar (SDA) in our research lab (culture plates shown in Fig. S3). In addition, total RNA was

179  extracted from 100 pl of each sputum sample and 18 ng of total extracted sputum RNA was
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180  analyzed by NanoString. All probe sets were included in the analysis of each sample. Fig. 3A
181  presents data for all positive signals.

182 The analysis of sputum RNA from the E1 series showed high counts for the fungus
183  Exophilia dermatitidis (E.d.) with no counts above background for any other fungi; the counts
184  for E. dermatitidis were ~100-fold higher than for any bacterial species suggesting that E.
185  dermatitidis was a dominant microbe in these samples (Fig. 3A). While E. dermatitidis was not
186  evident on culture plates after 48 hours of incubation at 37°C, the characteristic brown colonies
187  of E. dermatitidis were clearly abundant on both SBA and SDA after more than a week (Fig. 3B).
188  E. dermatitidis was in the final clinical culture report of the Day 0 sample (Table 2).

189 In the two samples from the E2 series, NanoString counts for Achromobacter
190  xylosoxidans were ten-fold higher than any other bacterial or fungal species at both time points
191  (Fig. 3), and Achromobacter xylosoxidans was the only species detected in the clinical
192  microbiology analysis of the Day 0 sample. Small, non-descript white colonies consistent with
193 those formed by Achromobacter xylosoxidans were also detected on blood agar, PIA and SBA
194  plates in our culture based studies (Fig. $3-E2). Low counts for Candida albicans were also
195 detected and yeast colonies were evident on the SDA medium plates (Fig. S3).

196 In series E3, the most abundant NanoString signal from CF-associated pathogens was P.
197  aeruginosa that are routinely reported clinically (Fig. 3-green bar); this species was the only
198  species reported in the clinical microbiology analysis of the Day 0 sample and was clearly
199 evident on the Day 0 sample on PIA (Table 2 and Fig. S3-E3). P. aeruginosa was not detected by
200 either NanoString or by culture at the later time points. The genus-level Staphylococcus probe

201  (black bar) set gave very high counts and the Staphylococcus aureus (black hatched bar) probe

10
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202 set yielded ten-fold fewer counts in the Day O sample. The presence of non-aureus
203  Staphylococcus species was confirmed by the presence of large numbers of non-hemolytic
204  Staphylococci on the blood agar plate at the Day 0 time point, and the number of
205 staphylococcal colonies on the blood agar plate decreased concomitant with the reduction in
206  Staphylococcus spp. NanoString signal (Fig. S3-E3). Interestingly, the S. aureus NanoString
207  counts remained very low but constant over the samples examined, suggesting that this signal
208  was not due to cross reaction with other RNA from other Staphylococcus spp. that grew on the
209  blood agar plates.

210 In samples from subject E4, counts for Burkholderia (pink bar) were high in the RNA
211 from the sputum samples (Fig. 3); Burkholderia colonies that were slow-growing, characteristic
212  of small colony variants, began to emerge on SBA after 48 h (Fig. $S3-E4). The weak growth
213  observed on plates from E4 was confirmed to be Burkholderia by 16S rRNA gene sequencing of
214  amplified DNA from single isolates and the clinical microbiology reported Burkholderia
215  cenocepacia as the dominant pathogen with “few” S. aureus. Staphylococcus aureus counts
216  were elevated in the Day 0 sample, but not above the conservative threshold set in this study
217  (see methods) (Table S3C). Candida colonies on SDA were more abundant at later time points
218 and the signals from Candida albicans and Candida dubliniensis increased concomitantly in
219  samples from later days. We confirmed that both C. albicans and C. dubliniensis were present
220 by sequencing of the ITS1 region amplified from genomic DNA from individual colonies.

221 In samples from series E5, Pseudomonas aeruginosa (green bar), Staphylococcus spp.
222  (black bar) and Staphylococcus aureus (black hatched bar) represented the strongest signals in

223  the early time points (Day 0 and Day 1) (Fig. 3-E5). Both P. aeruginosa (mucoid) and S. aureus

11
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224  (MRSA) were detected in the clinical microbiology analysis of the Day 0 sample (Table 2). P.
225 aeurignosa was detected on PIA medium and non-aureus staphylococci were evident on the
226  SBA plate in our laboratory analyses (Fig. S3-E5). E5 sample from Day 6 showed P. aeruginosa
227 and S. aureus signals to be 100-fold lower than on Days O and 1, and the counts for
228  Achromobacter (A.x.-brown bar) were the highest among all taxa at this time point (>7000
229  counts) (Fig. 3 and Table S3C). Small grey colonies that are typical for Achromobacter appeared
230 onthe PIA and SBA plates at these late time points (Fig. $3). C. albicans and C. dubliniensis were
231  detected by NanoString with increasing levels at later days and this was concordant with the
232  culture analysis (Fig. S3-E5). We confirmed that both of these species were present by
233  sequencing of the ITS1 region amplified from DNA from individual colonies. Candida glabrata
234  and Candida parapsilosis were detected, though at low levels, in E5 by both NanoString and
235  their presence among the colonies on the Day 6 SDA plate was confirmed by sequencing of the
236  ITS1 sequence amplified from the DNA of single isolates. The presence of multiple Candida spp.
237  within single CF sputum samples is consistent with previous reports (14).

238 In series E6, the strongest signals were for P. aeruginosa (green bar) and
239  Stenotrophomonas maltophilia (red bar) with much lower, but positive signals from
240  Achromobacter xylosoxidans and Burkholderia species (Fig. 3). Of these taxa, only P. aeruginosa
241  was reported in the clinical microbiology report for Day 0 (Table 2). The clinical lab reported
242  isolation of Staphylococcus aureus from the E6 Day O culture (Table 2) and while the NanoString
243  counts were above the highest background count, they were much lower than for the other
244  bacterial pathogens (Table S3C). The levels of S. maltophilia rRNA increased on days 7 and 10.

245  Bacterial growth from the E6 samples was slow and weak on Blood agar plates, and species

12
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246  determination of the colonies that finally emerged was not performed (Fig. 3-E6). Candida
247  colonies were only observed on Days 0 and 3 and a positive NanoString signal for Candida
248  albicans was elevated (Fig. $3) but below the threshold we had set.

249 Together, these data indicate that all of the pathogens reported upon clinical
250  microbiology analysis of the Day 0 sputum samples were present and abundant in the
251 NanoString data, with the exception of reports of Staphylococcus aureus in the clinical cultures
252  from E1 and E6 (Table 2). Staphylococcus aureus was not evident in our laboratory culture of a
253  separate aliquot of the same sample. The NanoString counts for the predominant bacterial
254  pathogen were high (>3,800 counts) regardless of whether the strains grew robustly on
255 medium, such as P. aeruginosa in E3, or slowly, such as Burkholderia cenocepacia in E4,
256  Pseudomonas aeruginosa in E6 and Exophiala in E1. Together, these data indicate that the
257  NanoString methodology can specifically detect bacteria (E2-E6) and fungi (E1, E2, E4, and E5)
258  within samples using a single assay.

259 In addition, the NanoString approach can provide insights into dynamics of bacterial and
260 fungal species abundance over time or in response to treatment, especially when one taxon is
261 of lower abundance. As one example, in subjects E4 and E5, the number of Candida colonies
262  and Candida NanoString counts increased over the course of treatment especially when sputum
263  was analyzed on SDA plus gentamicin, a medium that suppresses the growth of bacteria (Fig.
264  S3) consistent with previous reports of bacterial suppression of fungal growth in clinical
265  cultures (27). The only fungi detected among these samples were Exophiala and Candida spp.,
266  and no samples had counts above background from probe sets for other fungi encountered in

267  CF samples (Aspergillus fumigatus, Scedosporium and Trichosporon). Except for samples from

13
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268 the E1 series, the total probe counts from all fungal rRNA-specific probe sets were more than
269  1,000x lower than the total counts from probe sets designed to target bacterial rRNAs.

270

271  Relative abundance of CF pathogens determined by NanoString correlates with lllumina
272  sequencing of community DNA and culture-based analysis of sputum.

273 Eighteen sputum samples collected during outpatient visits were divided for separate
274  RNA and DNA extractions. We compared data obtained by NanoString-analysis of RNA to data
275 obtained by well-validated deep sequencing analysis of 16S rRNA sequences amplified from
276  DNA. Comparison to clinical microbiological culture data was also performed. We only focused
277  on the bacteria in these analyses as the fungi were predicted to be of low abundance in most
278  samples based on the clinical culture analysis. Total RNA was analyzed using the NanoString
279  probes described above and the total DNA was subjected to amplification and sequencing of
280  V4-V5 16S rRNA-encoding genes by Illumina HiSeq (Fig. 4A). Clinical culture analysis of the

281  eighteen samples found that most of the bacterial pathogens frequently reported from CF

282  sputum cultures were detected in at least one sample including P. aeruginosa, Achromobacter
283  xylosoxidans, Burkholderia spp., Ralstonia spp., Stenotrophomonas maltophilia, and

284  Staphylococcus aureus; two other commonly-reported CF pathogens were not detected

285  Haemophilus influenzae and Mycobacterium spp. in the clinical microbiology analyses.

286 All of the genera at greater than 5% abundance in the Illumina-based community

287  profiles of CF sputum were the taxa monitored by NanoString probes (Table S$4). This result was
288  not surprising since the taxa included in the NanoString codeset were selected based on their

289  representation in prior lllumina-based community profiling of CF sputum. On average 92% * 6%

14
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290 of the deep sequencing reads corresponded to taxa that were represented among the

291 NanoString probes (Table S4A). For both data sets, the relative abundances were determined
292 by division of the counts, for NanoString, or reads, for HiSeq, for the taxon of interest by the
293  total number of counts or reads. For the HiSeq relative abundances, total reads, including those
294  for taxa that were not assessed by NanoString, were used in the percent abundance calculation.
295  Overall, there was high concordance between the data obtained by the two methods with an
296  average Pearson correlation coefficient of 0.803 across all eighteen samples with all taxa,

297  including both CF-related pathogens and species that are also frequent members of the oral
298 microbiome. Together, these data indicate that there is minimal cross reaction between

299  different NanoString probes. Furthermore, these data show that for CF sputum collected during
300 outpatient visits, NanoString analysis of RNA and Illumina analysis of sequences amplified from
301  DNA yielded similar results. Future studies will determine if data obtained from community
302 RNA versus DNA differs in other contexts, such as over the course of intensive antibiotic

303 treatment that might increase the fraction of non-viable or dead cells.

304 Clinical culture results from analysis of these eighteen samples described twenty-six
305 instances in which one of the above bacterial pathogens was detected by culture and several
306  samples contained two or three pathogens. For twenty-four of the twenty six bacterial

307  pathogen detection events, there was a clear positive signal in the NanoString data that

308 indicated the presence of the cultured pathogen (highlighted in green font with blue

309  background in Fig. 4B); there was also a signal for the pathogen in the HiSeq data in each case.
310 Intwo instances, culture analysis detected only “rare” colonies of P. aeruginosa (CF3) or

311 Stenotrophomonas maltophilia (CF5), which can mean as few as one colony, and the NanoString
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312  signal was not clearly positive (red text with blue background in Fig. 4B). HiSeq analysis found
313  Pseudomonas or Stenotrophomonas to be at very low relative abundance (0.01 and 0.2%) in
314  samples CF3 and CF5, respectively. In one case (CF18), the pathogen in the clinical culture

315  report was Staphylococcus aureus and this species was robustly detected by NanoString but at
316  very low levels in the High Seq data (Fig. 4A). The reason for this discrepancy is not known, but
317  itis worth noting that the sequnencing depth was not aberrantly low for this sample. These
318  data suggest that nucleic acid based-methods, which involve the analysis of larger sample

319 aliquots, may be capable of providing quantitative- or semi-quantitative information on the
320 levels or activity of a taxon and may reinforce clinical microbiology data when few colonies of a
321  species are observed in culture. One benefit of the NanoString method is that no amplification
322 is performed prior to analysis aiding in quantitation. The high concordance between the

323  NanoString, Hi-Seq, and culture data further support the validity of the probes and their use in

324  describing microbial communities.
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325

326  Discussion

327 Here, we report a RNA-based method for detecting target species within complex
328  microbial communities. We describe this approach for the analysis of sample types that have
329 been well characterized by non-targeted approaches such as the sequencing of the
330 metagenome or of amplified rRNA and ITS regions from community DNA in order to identify the
331 taxa present. While the NanoString technology has been applied to the detection of mRNAs
332  from microbial species within clinical samples or in tissues from animal experiments, we show
333  the application of this technology to the analysis of rRNAs which are highly abundant molecules
334  with sequences that are highly conserved across the genus and species level. In contrast to
335 amplification based methods in which conserved primer-binding sequences are required, the
336  regions detected within the rRNAs can be different for different taxa thus allowing for different
337  taxonomic levels to be detected in the same multiplex reaction. Because of the use of a large
338 (~100 nt) region for hybridization to the two probes, computational analysis of the probes
339  suggests that this method can accommodate some sequence divergence within species or
340  genus, but this was not explicitly tested in these experiments.

341 Because fungi can grow slowly in laboratory cultures, as shown for the Exophiala in
342  samples from subject E1, and may be unsuspected in some chronic contexts, a method that
343  detects both bacteria and fungi has significant clinical value. We found that taxon-specific
344  NanoString probe sets successfully detected fungi including C. albicans, C. dubliniensis, C.
345  glabrata, A. fumigatus, and Exophiala. In our initial analyses using the NanoString method, we

346 included probes that were complementary to ITS1 RNA sequences in addition to probes that
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347  bound fungal 28S rRNA (Table S1 for sequences). The ITS1 RNA counts were over 100-fold less
348 abundant suggesting that ITS1 RNA, which is processed from rRNA containing RNAs, is less
349  stable and thus less abundant than rRNAs.

350 We demonstrate significant concordance between this method and lllumina-based
351 sequencing of amplified 16S rRNA sequences from community DNA for many of the organisms
352 examined (Fig. 4A) including Pseudomonas, Achromobacter, Burkholderia, Ralstonia,
353  Stenotrophomonas, Staphylococcus, Actinomyces, Fusobacterium, Gemella, Neisseria, Rothia,
354  Porphyromonas and Veillonella. Consistent with a recent study that showed a relationship
355 between deep sequencing and detection by culture when extended culture techniques were
356  used (12), we found correlations between NanoString data and clinical microbiology culture
357  assessment as well.

358 This method is most useful in the analysis of sample sets that have already been well-
359 characterized by non-targeted approaches such as the sequencing of the metagenome or of
360 amplified rRNA and ITS regions from community DNA. Once microbial community members of
361 interest have been identified within a particular habitat, the number of tools available for
362 gaining additional data on specific taxa within the community increases to include quantitative
363  PCR, fluorescent in situ hybridization methods, and plate-based studies, among other methods.
364  We propose that the NanoString method be added to the list of techniques for the analysis of
365  specific taxa within a community and that it may be particularly useful for analyzing the
366 relationships between microbes from different domains, which cannot be profiled using single

367  primer sets, and between species within a genus which may lack resolution by other methods.
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368  Multiple probes for each taxon that target both small and large subunit rRNAs may enhance
369 confidence in the detection of low abundance species.

370 In addition to the rRNA analyses described here, we have published a NanoString
371  analysis of various P. aeruginosa mRNAs in clinical samples, and the inclusion of species- or
372  strain-specific mRNAs could be useful in analyzing phylogenetically close taxa (17). The
373  combination of probes for rRNAs and mRNAs, however, could be challenged by the difficulties
374  in detecting lower abundance mRNA signals when rRNAs, which are orders of magnitude more
375 abundant. Interfering complementary RNAs may be useful in reducing signals from highly
376  abundant RNAs in order to enable the simultaneous analysis of probes for RNAs that are
377  present in vastly different amounts, but we have not explored this strategy as part of this work.
378  With further development, it is also possible to monitor host and microbial transcripts at the
379 same time to better understand the interplay between host and microbe, particularly during
380 changes in health.

381 The agreement between NanoString and 16S rDNA deep sequencing data for most taxa
382  was striking considering the differences in target molecule (rRNA versus rRNA-encoding DNA)
383 and the technological differences between the methodologies. A number of environmental
384  community profiling studies have compared results from the analysis of extracted rRNA and
385 rDNA sequences often with the goal of determining if RNA can be used to identify the more
386  metabolically active members of the community (28-31). Ribosomal RNA, while more stable
387  than mRNA, is degraded by stable, active RNases and thus it is tempting to speculate that the
388  presence of RNA may serve as a more sensitive indicator of an active cell than the presence of

389  DNA (32). If this is the case, the high concordance between NanoString and HiSeq data would
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390  suggest that the majority of microbes in the CF sputum samples from these stable patients are
391 alive. While our data do not address whether RNA and DNA equivalently reflect the presence of
392 live and dead cells, with taxon-specific probes in hand, studies that test this idea can now be
393 performed.

394 This detection method, like any nucleic acid analysis method, has the potential for
395 methodological bias. Complicating factors for the NanoString technology could include variable
396 lysis, differences in transcription frequency of rRNA genes in different taxa, and differences in
397  probe hybridization efficiency, thus validation strategies must be employed. While the bead
398  beating based methods used here have been shown to be efficient at lysing fungi and other
399  difficult-to-lyse taxa, the nucleic acid extraction methods used need to be assessed for other
400 taxa that were not present in our sample sets such as Mycobacteria.

401 The studies described here represent the first step in employing the NanoString
402  technology to the characterization of complex microbial communities using rRNA. In addition to
403 analyzing and monitoring bacteria and fungi, host markers could also be added to the code sets
404  to gain knowledge about the host state and response (33-36). Furthermore, the NanoString
405 technology has already been introduced into clinical practice for the purpose of cancer cell
406  profiling. While many additional validation experiments would need to be performed before a
407  clinical diagnostic tool could be developed, the quick sample turnaround time and semi-
408 quantitative outputs may allow for more rapid assessment of samples (as compared to
409 traditional culture techniques, which may take days to weeks) as well as protocols for the
410 assessment of the efficacy of treatments. This method provides direct quantitation of rRNAs

411 present in a sample and thus can give insight into the number of rRNA molecules by sample
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412  weight, volume, or total RNA. Future studies are necessary to determine if rRNA levels correlate
413  with meaningful metrics such as cell number or population activity.

414 One application of this methodology is the identification of community RNAs that
415 contain significant levels of specific mixed-species microbial populations for use in more
416  extensive analyses such as total RNA sequencing. In addition, the development of a sensitive
417  methodology for the detection of fungi in human-derived samples can be readily adapted to
418  address other research questions such as those regarding the roles of fungi in ulcerative colitis
419  or asthma and reactive airway disease (37-41) as well as in environmental settings. Lastly, the
420 development of taxon-specific probes that detect microbial rRNAs sets the stage for future
421  studies aimed at understanding whether an analysis of microbial rRNA can provide an
422 indication of the metabolic activity or pathogenic potential of specific microbial populations
423  within complex communities.

424

425  Materials and Methods

426  Probe design. We detected microbial rRNAs using custom-designed species- and genus-specific
427  probe sets. The probe sequences were designed by the NanoString probe design team to
428 recognize all available sequences in Genbank for the taxon of interest and to not cross hybridize
429 to off-target sequences in other bacteria, other fungi, or human genomes. All probe set
430 sequences are listed in Table S1. Measurements were made using the NanoString nCounter
431  system (NanoString Technologies, Seattle, WA) as previously described (15). As described in
432 Table S1, the probes were purchased in batches, referred to as code sets and the code set

433 composition was slightly modified over time to include additional taxa or to achieve different
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434  levels of specificity (for example replacing a genus level probe with a species level probe). Each
435 probe contained either capture and detection elements. Each code set also contained six
436  synthetic positive control probes that detect spiked transcripts added at a range of different
437  concentrations and eight negative control probes that are not predicted to hybridize to any
438 transcripts in the bacterial, fungal or human transcriptomes analyzed (NanoString Technologies).
439

440  Analysis of RNA from in vitro-grown cultures.

441  To assess the specificity of the RNA probes for specific species, equal amounts of purified total
442  RNA from each microorganism was mixed, and 5 ng of the RNA mixture was used). The strains
443  used in this study are listed in Table $2. RNA from laboratory cultures was prepared from cells
444  harvested from 1-3 ml of liquid culture for all strains. Pseudomonas aeruginosa was grown in
445  lysogeny broth (LB) with aeration on a roller drum. Achromobacter xylosoxidans,
446  Staphylococcus aureus, Burkholderia cenocepacia, and Mycobacterium fortuitum were grown in
447  tryptic soy broth (TSB) with aeration on a roller drum. Prevotella melaninogenica was grown
448 under anoxic conditions using a GasPak EZ anaerobic container system and Streptococcus
449  salivarius, and Streptococcus anginosus were grown statically in an atmosphere with 5% CO; in
450 Todd Hewitt broth amended with 0.5% yeast extract. Haemophilus influenzae was grown in
451  Brain Heart Infusion (BHI) broth supplemented with 10 pg/ml NADH and 10 pg/ml hemin with
452  static incubation in a 5% CO, atmosphere. All cultures were inoculated from a single colony into
453 5 ml of the specified medium. Liquid cultures were grown at 37°C for 16-18 h except for M.
454  fortuitum which was grown for 48 h. Cells were frozen and lyophilized prior to RNA extraction

455  using the methods described in the following section.
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456

457  RNA and DNA isolation from sputum. Frozen aliquots (100 ul) were lyophilized for 5-16 h, as
458 necessary. Lyophilized cells were disrupted using a mixture of 0.1 mm, 0.5 mm, and 1 mm
459  zirconia/silicon beads (70 ul each) that was added to the dry pellet prior to agitation. Samples
460 were lysed using 5 cycles of 30 sec, with 20 sec pauses in between, on an Omni Bead Ruptor
461  Homogenizer (Omni International Inc.) set at 5.65 m/s. The disrupted sample was resuspended
462  in Lysis Buffer (200 ul of 0.25 pg/ul lysostaphin and 3 pg/ul lysozyme in 10 mM Tris and 1 mM
463  EDTA (TE) buffer, pH 8.0), and incubated at room temperature for 5-10 min. RNA isolation was
464  then performed using Direct-zol kit (Zymo Research), with TRIzol, according to the
465 manufacturer’s suggested protocol. RNA was eluted in two 20 pl volumes of elution buffer
466  before freezing at -80°C until use. No DNAase treatment was performed. For RNA isolation
467  reproducibility experiments, sputa were split into triplicate samples after homogenization, and
468 then processed in parallel following the RNA isolation protocol described above.

469 For DNA isolation from sputum, lyophilized and disrupted sputum aliquots were
470 resuspended in Lysis Buffer (described above) and incubated at room temperature for 5-10 min.
471 Total DNA was isolated using Qiagen genomic DNA purification reagents, following the
472  manufacturer’s protocol for Gram-negative bacterial DNA isolation. DNA pellets were
473  resuspended in 40 pl TE buffer and frozen at -80°C until use.

474

475  rRNA analysis using NanoString probe sets. We empirically determined that 15-20 ng total RNA
476 was best for balancing the ability to detect less abundant species without overloading the

477  optical detection method. For control mixes of RNA isolated from pure culture, 5 ng total RNA
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478  was analyzed, unless otherwise specified. Sample RNA was hybridized to the probe sets for 12-
479 16 h at 65°C using the NanoString nCounter Prep Station instrument according to
480 manufacturer’s instructions. Targets were counted on the nCounter using 255 fields of view per
481 sample and output results were extracted using nSolver Analysis Software (NanoString
482  Technologies).

483

484  Background determination and detection of positive samples. A series of internal negative
485  control probes that do not target sequences in any known organisms are included in every
486 sample, and the signals associated with these probes inform the relative quality and
487  background hybridization in each individual analysis. Following the manufacturer’s
488 recommendation of using limits of detection based on the maximum signal for internal negative
489  control probes, we chose a background subtraction method in which three times the maximum
490 detection by internal negative controls (3xMax) was subtracted from all probe counts. Prior to
491 analysis, a background subtraction of the 3xMax value was performed for all control mixes and
492  patient samples. For comparisons of levels across samples, we normalized samples based on
493  the mean of the positive controls.

494

495  Patient cohort for CF sputum collection. The samples were collected in accordance with
496  protocols approved by Center for the Protection of Human Subjects at Dartmouth.
497  Expectorated sputum samples used in the comparison of NanoString and Hi-Seq methods were
498  collected from adult subjects with CF during a routine office visit. Enrolled subjects provided

499  two separate sputum samples during a single visit, one of which was analyzed by standard
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500 culture methods for this specimen type at the Dartmouth Hitchcock Medical Center clinical
501 microbiology laboratory. The second sputum sample was divided into aliquots (one for DNA and
502 one for RNA extraction) then frozen on-site using a portable -80°C freezer shuttle (Sterling
503  Ultracold) prior to storage in an upright -80°C freezer. Sputum samples were stored at -80°C for
504  atleast 1 h and often for multiple days or weeks before analysis.

505 In serial samples collected from the same patient, samples were collected upon
506 admission for treatment of a disease exacerbation as well as over the course of treatment.
507  Sputum samples were frozen upon collection and stored at -80°C until samples were processed
508 for RNA isolation as described below.

509

510 DNA deep sequence analysis of bacterial 16S rDNA. Total genomic DNA (gDNA) isolated from
511 18 sputum samples was used as template for the amplification and analysis of the V4V5 regions
512  of 16S rRNA encoding genes by deep sequencing at the Marine Biological Laboratory (Woods
513 Hole, MA). Sequencing was performed on the HiSeq System (lllumina Inc., San Diego, CA) as
514  previously described (42). Sequencing reads were processed and taxonomic assignments were
515 called using a custom bioinformatic pipeline at the Marine Biological Laboratory. Briefly, raw
516 reads were quality filtered as previously described (43, 44). Chimeric reads were identified and
517 removed using the UChime (45) algorithm and de novo reference database modes. Taxon
518 assignments were performed with GAST (43) against a curated SILVA database (46). Operational
519  taxonomic unit (OTU) clustering was determined using UCLUST with a 97% similarity threshold
520  (47). For the comparative analyses with the NanoString methods, a threshold of 0.01% was set

521  for positive signals.
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522

523  Analysis of RNase treated RNA. To determine specificity of NanoString detection for RNA
524  versus DNA, RNAse treatment was performed on 3 samples after RNA isolation (F, G, and H).
525  For these three samples, 1 ul RNaseA was added to 5 pl of isolated RNA and incubated at 37°C
526  for 1 h. The samples were then diluted 1:10 in 45 pl of 10 mM Tris-HCI (pH 7.5), 300 mM NacCl, 5
527 mM EDTA (pH 7.5) and 2 pl of RNase A/T1 mix (Thermo Fisher Cat # EN0O551). This mixture was
528 incubated for 1 h at 37°C. Non-treated RNA samples were then diluted 1:10 and equal volumes
529  of RNAse treated and non-treated matched samples were used for the NanoString code set.
530

531  Culture analysis of serial sputum samples. Approximately 10 pul of sputum was removed with
532 metal Scienceware Microspoon and plated on Tryptic Soy Agar (TSA) with 5% Sheep Blood
533 (Northeast Laboratory Service, P1100), Pseudomonas Isolation Agar, or Sabouraud Dextrose
534  Agar + 100 pg/ml gentamicin made according to the manufacturer’s directions. Plates were
535 incubated for 24 to 48 h at 37°C then imaged.

536 In order to identify isolates that grew on plates, clinical isolates were struck to single
537  colonies, grown as single-colony cultures in either liquid LB medium (bacteria), liquid YPD
538 medium (Candida species), or liquid glucose minimal medium (Aspergillus fumigatus). Bacterial
539 16S rDNA (forward primer: GTGSTGCAYGGYTGTCGTCA; reverse primer:
540 ACGTCRTCCMCACCTTCCTC) and fungal ITS1 region (forward primer: GTA AAA GTC GTA ACA
541 AGG TTT C; reverse primer: GTT CAA AGA YTC GAT GAT TCA C) were PCR amplified, and the
542 identity of each clinical isolate was determined after sequencing each amplicon using the

543  Applied Biosystems 3730 DNA analyzer (ThermoFisher Scientific).
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544

545  Statistics. Significance of correlation to determine reproducibility and linearity of microbial
546  detection by NanoString was calculated using linear regression in Graphpad Prism 5. Correlation
547  between NanoString and HiSeq sequencing were using R to determine the Pearson r correlation
548  coefficient and its p-value for each subject across selected taxa and for the selected taxa across
549  all subjects using the “cor.test” function in the “stats” package (v3.3.0) with default settings.
550 Significance of correlation between Candida spp. colony numbers and NanoString counts and
551 the significance of differences were calculated using linear regression or the Mann-Whitney test
552  in GraphPad Prism 5.

553
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Table 1. Taxa detected with the NanoString probe sets

Bacteria

Fungi

Achromobacter xylosoxidans
Actinomyces odontolyticus
Anaerococcus prevotii

Burkholderia spp.

Corynebacterium pseudodiptheriticum
Fusobacterium nucleatum

Gemella haemolysans

Gemella morbillorum

Haemophilus influenza

Haemophilus parainfluenzae
Mycobacterium spp.

Mycobacterium abscessus

Neisseria spp.

Porphyromonas catoniae

Prevotella melaninogenica

Prevotella oris

Pseudomonas aeruginosa

Ralstonia pickettii

Rothia dentocariosa/mucilaginosa
Staphylococcus spp.

Staphylococcus aureus
Stenotrophomonas maltophilia
Streptococcus spp.

Streptococcus oralis/mitis/pneumonia
Streptococcus anginosus
Streptococcus intermedius/constellatus
Streptococcus salivarius

Veillonella atypica and Veillonella dispar

Aspergillus fumigatus
Candida albicans

Candida dubliniensis
Candida glabrata

Candida lusitaniae

Candida tropicalis

Candida parapsilosis
Exophiala dermatitidis
Malassezia globosa
Malassezia restricta
Rhodotorula glutinis
Rhodotorula mucilaginosa
Scedosporium apiospermum
Trichosporon mycotoxinivorans
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Table 2. Clinical culture report for Day 0 samples from E-series. MSSA represents methicillin-
sensitive Staphylococcus aureus and MRSA represents methicillin-resistant Staphylococcus
aureus.

Day O Clinical culture report

sample

El Moderate Exophiala dermatitidis and few MSSA

E2 Achromobacter xylosoxidans

E3 Pseudomonas aeruginosa

E4 Burkholderia cenocepacia, MSSA

ES5 MRSA, mucoid Pseudomonas aeruginosa

E6 MRSA, MSSA, mucoid and non-mucoid Pseudomonas aeruginosa
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Fig 1. NanoString detection method schematic. Frozen samples are lyophilized and total RNA is
extracted. Total RNA is mixed with the probe sets, with each containing a reporter and capture
probe for each target RNA. After hybridization, the excess probes are removed and the probe-
target complexes are aligned and immobilized in the nCounter cartridge. Fluorescent color
sequences are counted and tabulated yielding counts that correspond to the number of target

molecules.
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Fig. 2. Specificity of select bacterial rRNA targeting probe sets. Control mixes were prepared

with total RNA from three to five species per mix and analyzed using the full panel of probe
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sets. Strain details are in Table S2. The probe sets for taxa not present in any of the RNA mixes
(in grey font) yielded no counts above background, indicating no cross-reaction with RNAs in
the mixes. All data are presented as counts, and all taxon abbreviations are defined in Table S1.
The species detected by each probe set is defined by first letters of the genus and species
name, except for Streptococcus-targeting probe sets which are abbreviated “St.” to
differentiate from Staphylococcus-targeting probe sets which are abbreviated “S”. Probe sets
that detect multiple species within a genus are indicated by “sp.” as for the probe sets that

detect Staphyloccocus species (S.sp.), Streptococcus species (St.sp.) and Burkholderia spp.

(B.sp.).
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Achromobacter xylosoxidans
Actinomyces odontolyticus
Burkholderia species
Fusobacterium nucleatum
Gemella spp.

Haemophilus influenzae
Haemophilus parainfluenzae
Mycobacterium species
Neisseria species
Porphyromonas catoniae
Prevotella spp.

Pseudomonas aeruginosa
Rothia dentocariosa/mucilaginosa
Staphylococcus species
Staphylococcus aureus
Stenotrophomonas maltophilia
Streptococcus anginosus

Streptococcus intermedius/
constellatus

Streptoccus mitis
Streptococcus salivarius
Streptococcus species
Veillonella spp.
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Fig. 3 Bacterial and fungal community composition in exacerbation series from six subjects.

Day +2 Day +13
—

(A) Serial sputum samples from six individuals with CF were obtained during treatment for

pulmonary exacerbation and analyzed by NanoString (data in Table S3C). Microbes present in
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multiple subjects or abundantly in at least one subject are graphed as total counts normalized
to positive controls. Bacteria and fungi are plotted on the upper and lower y-axes, respectively,
though the data for bacterial and fungal probe sets were obtained in the same reaction. (B)
Exacerbation series E1 showed high levels of Exophiala dermatitidis by plate culture only after

extended incubation.
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Fig. 4. Bacterial community profiles detected by NanoString and 16S rDNA deep sequencing

(HiSeq) methods correlate. (A) Eighteen CF sputum samples, labeled with the subject number,
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were analyzed by both NanoString (N) and 16S rDNA deep sequencing (HiSeq, H). Percent
relative abundance of taxa detected by both methods is shown. Only the taxa measured in our
NanoString code set are included in the deep sequencing profiles, but relative abundance was
determined as a percentage of total reads, not only reads represented in the NanoString code
set (data in Table S4). In cases where NanoString probes detected different species within the
same genus, counts from individual species-specific probes were summed to correspond with
the genus-level assighnments for the HiSeq data. (B) The counts for probe sets correlating with
CF pathogens are shown. Highlighted numbers indicate that the corresponding pathogen was
also detected by clinical culture analysis. The numbers in red in CF3 and CF5 were reported as
being “rare” in the clinical microbiology analysis and were at very low levels (<0.5%) in the

HiSeq-based community profiles for those samples.
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Fig. S1 Reproducibility of NanoString analysis of sputum. (A) Microbial profiles in CF sputum
RNA (sputum samples A-E) analyzed in duplicate by NanoString analysis are shown. Bacteria
and fungi are presented separately. Correlation of count numbers by NanoString between
duplicates for samples (A-E). (B) Microbial community profiles presented as percent abundance
in three replicate RNAs extracted in parallel from three separate sputum samples (F, G, and H).

The legend is the same as in A.
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Fig. S2 RNAse treatment of extracted RNA depletes detection of patient sample microbial
communities by NanoString. Microbial communities were detected from total RNA of three
sputum samples (F, G, and H) pre- and post- RNAse treatment with NanoString probes. (A) Total

detection (sum of counts from all probe sets) from pre- and post- RNAse-treated samples. (B)
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Probe-specific transcript detection pre- and post- RNAse-treatment. Different species/genera
detected are indicated by the different colors and symbols. The data values are presented in

Table S3B.
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Fig. S3. Culture analysis and NanoString analysis of sputum series from six hospitalized
patients. Culture of E1-E6 sputum series on sheep blood agar, PIA, and Sabouraud dextrose
agar plates. Plates were incubated for at least 48 h before imaging. Samples were collected on
Day 0 (date of admission for treatment of exacerbation) and the days post treatment is shown
for subsequent samples. For each series, RNA was analyzed by NanoString and data above
background are shown for the bacterial and fungus targeting probes included in the code set.
Exacerbation series E1 showed high levels of Exophiala dermatitidis in plate cultures only after
extended incubation for all days and the plate from Day 0 is shown as an example. The clinical
culture data for the day 0 samples are shown in Table 2. The NanoString data in the graphs for
each sample are the same data as shown in Fig. 3, and are presented here for ease of

comparison.

Table S1. NanoString probe sets designed for this study.
Table S2. Strains used in this study.
Table S3. All NanoString counts for samples.

Table S4. lllumina Reads and Illumina vs NanoString.
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