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ABSTRACT

High-throughput sequencing and cellular imaging have expanded our knowledge of microbial
diversity and expression of cellular activity. However, it remains challenging to characterize
low-abundance, slow-growing microorganisms that play key roles in biogeochemical cycling.
With the goal of isolating transcriptionally active cells of these microorganisms from
environmental samples, we developed fluorescent in situ hybridization of transcript-annealing
molecular beacons (FISH-TAMB) to label living prokaryotic cells. FISH-TAMB utilizes
polyarginine cell-penetrating peptides to deliver molecular beacons across cell walls and
membranes. Target cells are fluorescently labeled via hybridization between molecular beacons
and messenger RNA of targeted functional genes. FISH-TAMB’s target specificity and
deliverance into both bacterial and archaeal cells were demonstrated by labeling intracellular
methyl-coenzyme M reductase A (mcrA) transcripts expressed by Escherichia coli mcrA”,
Methanosarcina barkeri, and a methanogenic enrichment of deep continental fracture fluid.
Growth curve analysis supported sustained cellular viability following FISH-TAMB treatment.
Flow cytometry and confocal microscopy detected labeled single cells and single cells in
aggregates with unlabeled cells. As FISH-TAMB is amenable to target any functional gene of
interest, when coupled with cell sorting, imaging, and sequencing techniques, FISH-TAMB will
enable characterization of key uncharacterized rare biosphere microorganisms and of the

syntrophically activated metabolic pathways between physically associated microorganisms.
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INTRODUCTION

The studies of ribosomal RNA (rRNA), whole-genome and shotgun sequencing have
vastly expanded our knowledge of microbial diversity and metabolic potential in natural
communities. Recently, sequencing technologies have unveiled genomic and functional
information on uncultivable microbial species, including rare biosphere taxa and microbial dark
matter (MDM) (Sogin et al., 2006; Rinke et al., 2013; Spang et al., 2015; Seitz et al., 2016;
Vanwonterghem et al., 2016; Lazar et al., 2017; Zaremba-Niedzwiedzka et al., 2017). The
metabolic potential and versatility encoded in genomes are useful for predicting organisms’
adaptability to shifts in environmental conditions. However, it remains challenging to determine
actual roles in biogeochemical cycling under in situ conditions. Metatranscriptomic analysis does
reveal in situ metabolic activity of microbial ecosystems. However, the analysis of unlinked
MRNA sequences in metatranscriptomic data sets renders it difficult to accurately infer
taxonomy from functional genes, especially for organisms acquiring functional genes via
horizontal gene transfer (HGT). The taxonomic identity of single cells from environmental
samples is typically performed through fluorescence in situ hybridization (FISH), which involves
the use of fluorescent oligonucleotide linear probes targeting the 16S rRNA gene (DeLong et al.,
1989; Amann et al., 1990). Because ribosomes are far more abundant in metabolically active
versus inactive microorganisms, FISH also determines the abundance of active microbial
constituents relative to the total community (Karner and Fuhrman, 1997; Williams et al., 1998;
Christensen et al., 1999; Pernthaler et al., 2002). However, 16S rRNA-based identification
requires prior knowledge of the target organisms’ phylogenies and provides no direct evidence of
the target organisms’ metabolic roles.

FISH methods targeting messenger RNA (mRNA) in prokaryotes have been developed to
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93 relate functional gene expression within organisms to their metabolic contributions to
94  biogeochemical cycling (Pernthaler and Amann, 2004; Kalyuzhnaya et al., 2006; Jen et al.,
95 2007; Mota et al., 2012). However, these studies were performed on fixed (i.e. dead) cells,
96  offering only a snapshot of past activity in labeled cells based solely on the single target gene
97  being expressed. In situ, real-time metabolic activity imaging has only been applied to
98 genetically engineered strains expressing reporter proteins such as green-fluorescence proteins
99 (Golding et al., 2005). Imaging and sorting of translationally active cells from environmental
100  samples has recently been achieved through the use of Bioorthogonal noncanonical amino acid
101  tagging (BONCAT) (Hatzenpichler et al., 2016). When this staining technique is combined with
102  standard FISH methods, in principle, the taxonomic identity of all active microbial cells in
103  environmental samples can be determined. Since microorganisms that exert significant impacts
104  on their environments include slow-growing and low-abundance taxa, to fully understand their
105  metabolic requirements and hence their function in biogeochemical cycling, it is necessary to
106  strategically select for these key players and study their overall expression profiles. It would be
107  advantageous to use a method that targets metabolically active cells that exhibit certain specific
108  functions, and meanwhile maintains their viability. To our knowledge such a method has not yet
109  been reported.
110 We describe here the development of fluorescent in situ hybridization of transcript-
111  annealing molecular beacons (FISH-TAMB) to target mRNA in viable and transcriptionally
112  active prokaryotic cells. Molecular beacons (MBs), with a hairpin oligonucleotide sequence
113  outfitted with a fluorophore and a fluorescence quencher (Tzschaschel et al., 1996), were
114  selected to target the mRNA of Bacteria and Archaea, because they result in a higher signal-to-

115  background noise ratio than linear probes and have been successfully applied to detect
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116  intracellular mRNA of living eukaryotic cells (Sokol et al., 1998; Nitin et al., 2004; Santangelo
117 et al., 2006; Bao et al., 2009; Larsson et al., 2012). In the unbound state, complementary bases
118 onthe 5 and 3’ ends of MBs self-anneal to form a stem structure, which results in fluorescence
119 quenching. Recognition of a target sequence results in MB linearization for subsequent
120  hybridization (Fig. 1). Thus, the fluorophore is no longer in physical proximity to the quencher,
121  resulting in emission of a known wavelength at a level differentiable from the background
122  fluorescence due to autofluorescence and unbound MBs (Goel et al., 2005). In order to deliver
123  the MBs into prokaryotic cells without causing cell lysis, cell-penetrating peptides (CPPs) are
124  used as the cargo-delivering vehicle, as they have been shown to successfully non-lethally
125  deliver DNA and nanoparticles into living cyanobacteria (Liu et al. 2013a,b).

126 In this study, we employed MBs targeting the gene encoding the alpha subunit of methyl-
127  coenzyme M reductase (mcrA), a marker gene of methanogens (Lueders et al., 2001; Luton et
128 al., 2002; Evans et al., 2015; Vanwonterghem et al., 2016) and the uncultivated anaerobic
129  methanotrophs (ANMESs) (Hallam et al., 2003). We examined this FISH-TAMB method in three
130 phases by (i) performing in vitro experiments to investigate the fluorescence strength of the
131 mcrA FISH-TAMB probe in the absence and presence of mcrA mRNA oligonucleotides under
132 different buffer conditions; (ii) performing in vivo experiments to validate the delivery of FISH-
133  TAMB probes into living prokaryotic cells; and (iii) evaluating the efficiency of labeling
134  Escherichia coli mcrA* expression clones, Methanosarcina barkeri, and methanogenic cells
135  enriched from Precambrian shield fracture fluid collected from 1.34 km below land surface
136 (BE326 BH2 borehole) with the mcrA FISH-TAMB probes. The effect of FISH-TAMB
137  treatment on cell viability was assessed via growth curve analysis.

138
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139 MATERIALSAND METHODS

140  Molecular beacon probe design

141 The MB utilized in this study comprised a GC-rich 5-base pair stem and a 24-mer
142  nucleotide probe sequence (5'-[Cy5]cctggCGTTCATBGCGTAGTTVGGRTAGTccagg[BHQ3]-
143  3) modified from the mcrA-rev reverse primer (5’-CGTTCATBGCGTAGTTVGGRTAGT-3’)
144  commonly used in diversity studies of methanogens (Steinberg and Regan, 2008). As the
145  additional bases on the stem structure (as indicated by small letters in the MB probe sequence)
146  may affect the specificity of the MB probe to target mcrA genes, the similarity between MB
147 probe sequence and mcrA genes was verified in dSlico using BLAST
148  (https://blast.ncbi.nlm.nih.gov/Blast.cgi) against the nucleotide database. The MB probe
149  sequence was flanked by a Cy5 fluorophore (excitation peak at 640 nm, and emission peak at
150 665 nm) covalently bound to the 5' end and a BHQ3 Black Hole Quencher® on the 3' end
151  (MilliporeSigma, St. Louis, MO USA).

152

153  Formation of R9:MB complexes (FISH-TAMB probes)

154 A CPP comprised of nine arginine amino acid residues (R9) was selected as a carrier to
155  deliver the MB across cell walls and plasma membranes, as it has been demonstrated to penetrate
156  cyanobacterial walls and membranes without harmful effects (Liu et al. 2013). R9 was mixed
157  with MB in 1x Dulbecco’s phosphate buffered saline solution (DPBS) (Corning Mediatech,
158 Manassas, VA USA) to achieve the following molar ratios: 0:1, 5:1, 10:1, 15:1, 20:1, 25:1, 30:1.
159  Reactions were incubated for 30 minutes at 37°C in a C1000 Touch™ Thermal Cycler (Bio-Rad
160  Laboratories, Inc., Irvine, CA USA). Gel electrophoresis determined the minimum molar ratio of

161 R9to MB required for complete complexation of all free-floating MB in solution (S Methods).


https://doi.org/10.1101/178368

bioRxiv preprint doi: https://doi.org/10.1101/178368; this version posted August 19, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

mRNA labeling in live prokaryotes by FISH-TAMB
Harris etal. 7

162 In vitro hybridization assays

163 In vitro hybridization assays were performed to assess (i) hybridization of MB and FISH-
164 TAMB probes to target mcrA oligonucleotide sequences, (ii) whether resulting fluorescence
165  from probe-target hybridization was differentiable from background fluorescence of unbound
166  and potentially non-specifically bound MB probes, and (iii) optimal incubation time for detection
167  of positive hybridization fluorescence in subsequent experiments. Triplicate 100-ul reaction
168  mixtures containing either 0.4 uM MB or 1 uM FISH-TAMB probes in 1x DPBS were incubated
169 at 37°C for 10 minutes with 0.4 uM of mcrA oligonucleotide sequences (5'-
170 ACTAYCCBAACTACGCVATGAACG-3") complementary to the MB probe sequence.
171  Background signal (due to unbound MB probes) and potential non-specific hybridization
172  fluorescence were respectively assessed by incubating MB and FISH-TAMB probes in the
173  absence of any mcrA target (blank) and an oligonucleotide sequence specific to particulate
174  methane monooxygenase beta subunit (pmoA) (5’-GAAYSCNGARAAGAACGM-3’) (Luesken
175 etal., 2011). Fluorescence images were taken every 5 minutes for 100 minutes using a Typhoon
176 9410 Variable Mode Imager® (Molecular Dynamics, GE Healthcare, Little Chalfront, UK)
177  (excitation 633 nm, detection bandwidth 655 - 685 nm, exposure time 5 min.).

178 Fluorescence intensity was measured as a function of temperature and salt concentration
179  to determine stability profiles of the MB probe sequence in the presence and absence of mcrA
180  targets (bound MB vs. unbound MB states). Three 50-ul reaction volumes were prepared for the
181  unbound MB controls, comprising 16 nM MB probes and Takara PCR buffer containing 1.5 mM
182  MgCl; (1x), 7.5 mM MgClI; (5x), or 15 mM MgCl, (10x). Three bound MB reactions were set up
183  using the same recipes except with the addition of 32 nM mcrA target sequences. Reaction

184  mixtures were incubated at 37°C for 1 hour on a real-time qPCR 7900HT system (Applied
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185  Biosystems, Inc., Carlsbad, CA USA). Melting curve analysis was done for temperatures ranging
186 from 25°C to 95°C with fluorescence signals measured every 0.2°C. Optimal detection
187  temperature for positive MB-target hybridization was determined as the temperature with the
188  highest signal-to-background noise ratio, as indicated by the relative fluorescence intensities of
189  bound MB and unbound MB, respectively.

190

191  Microbial sampling of fracture fluid

192 Fracture fluid was collected in June 2016 following established sampling procedures
193  (Magnabosco et al., 2014; Lau et al., 2014) from a horizontal borehole located 1.34 km below
194  land surface on the 26" level of shaft 3 of the Beatrix Gold Mine in South Africa (BE326 BH2)
195 (S 28.235°, E 26.795°). Due to low in situ cell concentration of 10° to 10* cells mI™ (Simkus et
196  al., 2016), the fracture fluid was first filtered using a 0.2 um hollow fiber MediaKap®-10 filter
197  (Spectrum Labs, New Brunswick, NJ USA) and then back-flushed with fracture fluid into sterile,
198  Ny-sparged 160-ml borosilicate serum vials to obtain a final concentration of ~10" cells mlI™.
199 Dissolved gas samples were collected along with field measurements of certain environmental
200  parameters (9 Methods, results in Table S3).

201

202  Methanogenic enrichments of fracture fluid and M. barkeri

203 The methanogenic medium DSMZ medium 120a modified after the recipe of Bryant and
204  Boone (1987) (S Methods) was used to enrich methanogens from the fracture fluid sample with
205  concentrated biomass (BE326 BH2-Conc). The pH of the medium was adjusted to 8.2, the in situ
206  pH of the fracture fluid, with anaerobic NaOH prior to inoculation with BE326 BH2-Conc. The

207  DSMZ medium 120a was adjusted to pH 7.2 and inoculated with axenic cultures of methanogen
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208 M. barkeri (ATCC® 43569™). Cultures were incubated at 37°C in the Coy glove bag. Active
209  methanogenesis was verified by detecting novel CH, production in headspace gas using a flame-
210 ionizing detector (FID) gas chromatograph (Peak Performer 1 series, Peak Laboratories,
211  Mountain View, CA USA). Details of methanogenic enrichment maintenance can be found in S
212 Methods.

213

214  E. coli expression clones

215 The merA gene was PCR-amplified directly from the M. barkeri culture to prepare E. coli
216  mcrA" expression clones to serve as a proxy for cells gaining mcrA via HGT and to validate the
217  ability of CPP to deliver MBs across bacterial membranes. E. coli cells containing a pmoA insert
218 (E. coli pmoA") isolated from BE326 BH2 fracture fluid served as a negative control for
219  assessing fluorescence due to potentially non-specific FISH-TAMB hybridization in vivo. Details
220  regarding the isolation and transformation of mcrA and pmoA gene inserts into JM109
221  competent E. coli are described in S Methods.

222 E. coli expression clones were monitored for gene loss by periodically plating liquid
223  culture aliquots onto LB/AIX cloning plates for blue/white screening (S Methods). If mcrA or
224  pmoA was absent from the plasmid, the cloning procedure was repeated prior to FISH-TAMB
225  treatment.

226

227  FISH-TAMB delivery into live prokaryotic cells

228 All cultures (~10° cells) including E. coli pmoA* were incubated in the dark at 37°C in
229  100-pl reactions containing 1 uM FISH-TAMB probes in 1x DPBS solution. Reactions for M.

230  barkeri and the BE326 BH2-Conc methanogenic enrichment were prepared anaerobically using
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231 degassed 1x DPBS in the Coy glove bag to maintain cell activity. Reaction mixtures were placed
232 into a 96 well optical plate (Cellvis, Mountain View, CA USA) and fluorescence emission levels
233  were imaged every five minutes for 120 minutes using the Typhoon 9410 Variable Mode
234 Imager® as described above. To assess fluorescence due to potential non-specific MB
235  hybridization in vivo, FISH-TAMB probes were also incubated with E. coli pmoA”.

236 Growth curve analysis was performed to assess the effect of FISH-TAMB on sustained
237  viability of treated cells relative to untreated cells, with the latter serving as controls. E. coli
238  mcrA*, E. coli pmoA*, and M. barkeri (~10° cells) were incubated with 1 pM FISH-TAMB
239  probes as described above and subsequently inoculated into Luria broth containing 0.05 mg ml™
240  ampicillin (LB/A) and DSMZ 120a media for E. coli and methanogenic cultures, respectively.
241  Growth curves were obtained by measuring optical density at 600 nm for E. coli using a
242  Beckman DU® 530 Life Science UV/Vis Spectrophotometer (Beckman Coulter®, Indianapolis,
243 IN USA) and at 550 nm for M. barkeri using a Hach DR/2010 Spectrophotometer (Hach
244  Company, Loveland, CO USA).

245

246  Enumeration of FISH-TAMB labeled cells by flow cytometry

247 E. coli mcrA™, E. coli pmoA*, M. barkeri and BE326 BH2-Conc methanogenic cultures
248  were incubated for 15 minutes at 37°C in 100-pl reaction mixtures containing 1 pM FISH-
249  TAMB probes, 1x DPBS solution and ~10° cells. M. barkeri and BE326 BH2-Conc enrichments
250  were incubated with FISH-TAMB probes anaerobically as described above. Following
251  incubation, the 100-pul reaction mixtures were diluted in 0.9 ml 1x DPBS solution containing
252 ~10° ml™ Fluoresbrite™ plain red 0.5 um microspheres (Polysciences, Inc., Warrington, PA

253  USA) for flow cytometric analysis. Flow cytometry was performed on a BD LSRII Multi-Laser
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254  Analyzer (Becton, Dickinson and Company, Franklin Lakes, NJ USA) at the Princeton
255  University Flow Cytometry Core Facility. Data were acquired for 120 seconds for each sample at
256 8 pl min™ average flow rate using four independent laser channels at default wattage settings:
257 355 nm at 20 mW, 405 nm at 25 mW, 488 nm at 20 mW, and 633 nm at 17 mW. Forward and
258  side-scattered light were set to logarithmic gain and used to trigger events. The system was
259  flushed with 10% (v/v) bleach solution for 1 minute before analysis and between samples of
260  different cell types and after samples treated with FISH-TAMB probes.

261 Fluorescent microsphere counts were used to calculate the volume of fluids being
262  analyzed and thereby the cell concentrations. For all samples, events gated as cell-sized objects
263 and FISH-TAMB-labeled cells in 1x DPBS + FISH-TAMB probes + growth medium (see S
264  Methods for information regarding cell population gating parameters) were subtracted from final
265  counts collected for each cell type. Statistical analysis of observed differences in FISH-TAMB
266  labeling between samples and their respective controls was performed using a Student t-test
267  (StatPlus:mac LE software, AnalystSoft, Inc., Walnut, CA USA).

268

269  Confocal microscopy

270 Live-cell imaging was performed on all cell types to qualitatively confirm the ratio of
271  active versus inactive cells enumerated by FISH-TAMB probes in flow cytometry. All cell types
272  were incubated with FISH-TAMB probes as described above. FISH-TAMB-labeled cells were
273  imaged at the Princeton University Confocal Imaging Core using a Nikon Ti-E inverted confocal
274  microscope equipped with a 100X Plan Apo NA 1.45 oil objective lens, Yokogawa CSU-21
275 spinning disk, and Orca Flash camera (Nikon Instruments, Melville, NY USA). F420

276  autofluorescence of M. barkeri and methanogenic BE326 BH2-Conc cells were excited with the
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277  405-nm laser channel, and detected on the 461-nm emission filter. E. coli autofluorescence was
278  excited at 488 nm, and emission was set to 518 nm. Excitation and emission of the Cy5
279  fluorophore in MB probes were set to 647 nm and 670 nm, respectively. Samples were
280  maintained under a 100% CO, atmosphere during imaging.

281 A time series imaging experiment was performed to assess Cy5 fluorescence lifetime of
282  FISH-TAMB hybridized cells. Methanogenic BE326 BH2-Conc cells were treated with FISH-
283 TAMB probes as previously described and were imaged every minute for 14 hours using a
284  Nikon Ti-E inverted confocal microscope outfitted with the same equipment as described above
285  with an Andor Zyla sSCMOS camera. Imaging parameters were consistent with the previous live-
286  cell imaging experiment.

287

288 RESULTSAND DISCUSSION

289  Conformational stability and target specificity

290 Melting curve analysis revealed maximum fluorescence of bound MB at 25°C under all
291 investigated saline buffer solutions. (S Table S1, Fig. S1). This temperature corresponded with
292  the highest signal-to-background noise ratio (195:1 relative to unbound MB in 1x PCR buffer
293  containing 1.5 mM MgCl,). All cell types were maintained at growth temperature (37°C) for 15-
294  minute incubation with FISH-TAMB probes given 133x greater fluorescence of bound MB at
295  this temperature (S Fig. S1) and high fluorescence recorded at this time from an in vitro
296  hybridization time series experiment (S Fig. S2). Bound MB fluorescence intensity remained >
297  17x greater than unbound MB up to 64°C before dropping down to 2x greater emission for
298  higher temperatures up to 95°C (9 Fig. S1). MB conformation remained intact at all assessed

299 salinities, but signal-to-background noise improved with increased salt concentration between
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300 55° -65°C (Table S1). Thus, FISH-TAMB demonstrates a large operational temperature range
301 of 25°C - 65°C, but may be limited from in situ studies of thermophiles.

302 In wvitro hybridization revealed background autofluorescence of unbound MB
303  significantly diminished when MB was non-covalently bound to R9 (Fig. 2D) and results from
304  gel electrophoresis showed a minimum of 20:1 R9:MB molar ratio for complete complexation of
305 all free-floating MB in solution (S Fig. S3). It is possible that R9 may be playing a role in
306  stabilizing the MB hairpin conformation, thus improving the quencher’s absorption of
307  background fluorophore emission. However, this stabilization appeared to be inhibitory to MB-
308  target hybridization when FISH-TAMB probes were incubated with mcrA oligonucleotide
309  sequences in vitro (Fig. 2E). Because positive fluorescence signals were detected when FISH-
310 TAMB probes encountered intracellular mcrA mRNA in vivo after entering cells (Fig. 2F-H), we
311 hypothesize that intracellular scavenging may physically dissociate R9 from MB allowing
312  subsequent MB-target hybridization. While the exact mechanism remains unknown, the MB
313  probes released from R9 appear to retain hairpin conformation following cellular penetration, as
314  evidenced by minimal fluorescence in E. coli pmoA” cells incubated with FISH-TAMB probes
315  (Fig. 21).

316

317  Detection of living cells labeled by FISH-TAMB probes

318 Flow cytometry data revealed that FISH-TAMB-treated cells containing the mcrA gene
319  exhibited a significant increase in fluorescence on the Cy5 filter relative to the untreated and E.
320  coli pmoA” cell populations (Student t-test, t > 2.6, p < 0.05) (Fig. 3 D-F vs. A-C, Fig. 4, S
321 Table S2). Cells expressing the mcrA gene demonstrated a statistically significant difference in

322 the number of FISH-TAMB labeled cells relative to the media blank controls (Student t-test, t >
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323 5.2, p <0.05) (Table 1). FISH-TAMB-labeled cells of E. coli mcrA*, M. barkeri, and BE326
324  BH2-Conc represented 2%, 32%, and 1% of the total cell concentration, respectively. The E. coli
325  pmoA" negative control exhibited only 0.02% recovery, which was not statistically different
326  from the 1x DPBS + FISH-TAMB probes + growth medium blank (Student t-test, t = 1.6, p =
327  0.25).

328 It was expected that 100% of E. coli mcrA” cells would be actively transcribing mer A but
329  only 2% of the cell population was labeled by FISH-TAMB probes. This low recovery of active
330  cells was visually confirmed by spinning disk photomicroscopy, wherein 11 of approximately
331 600 cells fluoresced under the microscope. Replating non-FISH-TAMB-treated E. coli mcrA*
332  cells yielded white colonies with blue centers, suggesting toxicity of the mcrA gene insert and its
333  subsequent excision from the plasmid. To evaluate whether promoting mcrA expression in E.
334  coli would improve the percentage of FISH-TAMB labeled cells, pGEM vectors containing
335 mcrA genes were transformed into two alternative overexpression E. coli strains, C41(DE3) and
336 BL21(DE3) (9 Methods), that are known to be tolerable of unstable and toxic gene inserts
337  (Saida et al. 2006). However, Typhoon imaging of FISH-TAMB-treated C41(DE3) mcrA* and
338 BL21(DE3) mcrA” cells showed fluorescence emission as low as the C41(DE3) pmoA™ cells
339  (data not shown). The reasons for the low percentage of labeled E. coli mcrA* observed remain
340  unclear.

341 In addition to single cells, FISH-TAMB identified active cells in aggregates of M. barkeri
342  (Fig. 5A) and BE326 BH2-Conc (Fig. 5E). Cell aggregates were enumerated as individual events
343  (i.e. presumably single cells) by flow cytometry detectors, but were discernable from true single
344  cells by their significantly different FSC-A (Student t-test, t = 52, p < 0.001) and SSC-A (Student

345  t-test, t = 62, p < 0.001) values. FISH-TAMB-labeled cells within aggregates also displayed
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346  significantly increased Cy5 fluorescence relative to unlabeled aggregates (Student t-test, t = 12, p
347 < 0.001) (Fig. 3F). Spinning disk photomicroscopy of aggregates revealed that FISH-TAMB
348  labeled ~20% of cells in M. barkeri and ~46% in BE326 BH2-Conc. Thus, we corrected FISH-
349 TAMB labeling to ~22% from 32% in M. barkeri and ~3% from 1% in BE326 BH2-Conc (Table
350 1). Interestingly, the majority of FISH-TAMB labeled cells occurred only within the interior of
351 the M. barkeri aggregate. Given this distribution of labeled cells and an average incubation ratio
352  of 1.4 + 0.1 x 10° probes for every cell (Table 1), it is unlikely that FISH-TAMB probes failed to
353  discover target mRNA that these cells may have produced. The exterior-facing cells might not be
354  actively transcribing mcrA or the transcription level was distinctively low, therefore, they were
355 not labeled by FISH-TAMB probes.

356 We did not assess the community composition of the BE326 BH2-Conc enrichments.
357  However, ~3 % of total cells were labeled by FISH-TAMB, a greater fraction than the 0.4 to
358 0.5% of methanogens and ANMEs reported by 16S rRNA amplicon and metagenomics data for
359 this site (Simkus et al., 2016; Lau et al., 2016). Spinning disk photomicroscopy revealed FISH-
360 TAMB-labeled cells from the BE326 BH2-Conc methanogenic enrichment exhibited small
361  coccoidal morphologies up to 1 pm in diameter (Fig. 5 B-D), though cell aggregates were
362  apparent in the sample (Fig. 5E). This range is consistent with cell sizes estimated from forward-
363  scattered light area (FSC-A) distributions of reference fluorescent microspheres in flow
364  cytometry runs (data not shown). Cy5 and bright field composite micrographs from time-lapse
365  imaging show the presence of non-fluorescent cells in solution for the 14-hour monitoring period
366  (Fig. 5 B-E). Fluorescence intensity of all cell morphologies was significantly reduced within 2
367 hours of hybridization (Fig. 6). However, single planktonic cells and cell pairs maintained

368  discernable fluorescence for approximately 6 hours (Fig. 6 A, C).
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369 FISH-TAMB-labeled cells appeared in view over the course of imaging (S GIF S1),
370 though it remains uncertain whether the appearance of these cells is due to momentary FISH-
371 TAMB hybridization or settling of previously labeled cells into the focal plane. Weakly
372  autofluorescent organic matter was present in aggregates. However, these emission signals were
373  significantly weaker than that of FISH-TAMB-labeled cells (Fig. 6D).

374 These results demonstrated that FISH-TAMB probes enter both bacterial and archaeal
375  cells with no harmful effect, as cells treated with FISH-TAMB remain alive. MB probes released
376  from R9 selectively hybridize with target mRNA transcripts, if present, in the cytoplasm,
377  emitting above-background fluorescent signals for detection.

378

379  Cél viability of FISH-TAMB-treated cultures

380 Growth curves of FISH-TAMB-treated and untreated cells are presented in Fig. 7. Both
381 FISH-TAMB-treated and untreated E. coli cells exhibited an extended lag phase (~5 hours) and
382  similar, albeit slow, growth. E. coli mcrA" grew at peonrol = 0.16 h™, UrisHrave = 0.14 h?
383  whereas E. coli pmoA* grew at peonor = 0.14 h™, prsh-tame = 0.12 h™. These decreased growth
384  rates relative to plasmid-free E. coli (Sezonov et al., 2007; Gil-Turnes et al., 2001) indicated
385  growth inhibitory effects of the mcrA and pmoA inserts and hinted the difficulty of expressing
386 mcrA in E. coli for FISH-TAMB detection. Doubling times for both control and FISH-TAMB-
387  treated M. barkeri were ~ 21 hours (4 = 0.03 h™), which are consistent with previous reports of
388  hydrogenotrophic M. barkeri growth (Maestrojuan and Boone, 1991). In both cases of E. coli
389 and M. barkeri cells, FISH-TAMB treatments resulted in no inhibitory effects on sustained
390  cellular viability (Fig. 7).

391
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392  Implications of FISH-TAMB for microbial ecology

393 Cellular fixation with paraformaldehyde and ethanol is a traditional step in the FISH
394  protocol that stabilizes cell integrity for efficient membrane permeabilization, but at the expense
395 of DNA-protein crosslinking and potential downstream sequencing bias (Amann et al., 1995;
396 Yilmaz et al., 2010). By targeting living cells, FISH-TAMB is capable of identifying cells
397  without nucleic acid modification. In principle, FISH-TAMB can identify cells belonging active
398 taxa from mixed microbial communities including low abundance and slow growing populations
399  based on the expression of any target functional gene. Coupled with fluorescence-activated cell
400 sorting, FISH-TAMB offers promising utility to isolate rare, but important, taxa for sub-
401 cultivation and cost-efficient deep sequencing surveys.

402 The identification of active cells within aggregates offers opportunities to further
403 investigate in Situ syntrophic interactions between target cells and their physically associated
404  partners. ANMEs and sulfate reducers are one such example of a syntrophic microbial
405  consortium wherein the taxonomy of the implicated organisms is well described, but the
406  mechanisms by which they perform anaerobic CH,4 oxidation remain under debate (Valentine and
407  Reeburgh, 2000; Hoehler et al., 1994; Sgrensen et al., 2001; Moran et al., 2008; Milucka et al.,
408 2012; McGlynn et al., 2015; Wegener et al., 2015). By coupling FISH-TAMB with other
409  techniques such as Halogen In Situ Hybridization-Secondary lon Mass Spectroscopy (HISH-
410 SIMS) (Musat et al. 2008) and metatranscriptomics, it may be possible to improve our
411 understanding of how myriad environmental stressors impact functional gene expression and the
412  transfer of metabolites among cells involved in these metabolic consortia.

413 This study demonstrates the success of the FISH-TAMB methodology in identifying

414  active prokaryotic cells by mRNA labeling with unnoticeable impedance to cell growth. FISH-
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415 TAMB successfully labeled mcrA mRNA expressed in live Bacteria and Archaea of diverse
416  morphologies including planktonic single cells and cell aggregates. Differentiated labeling of
417  target mRNA from cells in enrichment cultures promises applicability in utilizing FISH-TAMB
418 to investigate active metabolic players of interest in natural microbial communities. The
419  application to living cells suggests improved sensitivity to active minority populations that may
420  otherwise be discriminated against detection by traditional FISH techniques. Recovery of rare
421 taxa allows for deeper and more cost-efficient sequencing coverage of these groups in
422  downstream “omics” applications. FISH-TAMB is an innovative step towards identifying the
423  contributions of all microorganisms, particularly members of the rare biosphere and microbial
424  dark matter, to biogeochemical cycling, and delineating syntrophic interactions between
425  physically associated microorganisms.

426
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599 MAINTEXT FIGURE LEGENDS

600 Fig. 1. FISH-TAMB probe conformation and hybridization to encounter ed messenger

601 RNAs. (A) An oligomer comprised of a 24 base-long complementary mcrA mRNA sequence is
602  flanked by 5 reverse complement nucleotides to form a molecular beacon (MB) loop and stem
603  structure. Cell-penetrating peptides (CPPs) comprising 9 arginine sequences (R9) are non-

604  covalently bound to the MB sequence and are responsible for its delivery across the cell wall and
605 plasma membrane. (B) Fluorescence of Cy5 fluorophore covalently bound to the 5° end of the
606  MB sequence remains quenched by BHQ3 bound to the 3’ terminus until the MB hybridizes to a
607  target transcript sequence. Hybridization results in the linearization of the MB, subsequently
608  unquenching Cy5 from BHQ3, allowing the fluorophore’s emission upon excitation by a source
609 in the red bandwidth of the visible light spectrum. (C) If the MB encounters an mRNA transcript
610 thatis not its intended target, it will retain its hairpin conformation and fluorescence of Cy5 will
611  remain quenched by BHQ3. Images not to scale. * Mechanism of CPP delivery across the cell
612  wall and plasma membrane remains under debate. Intracellular fate of R9 is unknown.

613

614 Fig. 2. MB and FISH-TAMB probetarget specificity in vitro and in vivo. (A) 0.4 UM MB in
615 1xPBS. (B) 0.4 M MB + pmoA target oligo. (C) 0.4 uM MB + mcrA target oligo. (D) 1 uM
616 R9:MB in 1x PBS. (E) 1 uM R9:MB + mcrA target oligo. (F) 1 uM R9:MB + M. barkeri. (G) 1
617 uM R9:MB + BE326 BH2-Conc. (H) 1 pM R9:MB + E. coli mcrA”™. (1) 1 uM R9:MB + E. coli
618 pmoA*. Images taken after 20 minutes incubation with a Typhoon 9410 Variable Mode Imager®.
619  Excitation 633 nm. Emission 675/10 nm. Exposure time 5 minutes.

620
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621 Fig. 3. Flow cytometry distinguishes FISH-TAMB labeled cells. Flow cytometry reveals
622  single cells demonstrating distinctive Cy5 fluorescence patterns in cells treated with 1 uM FISH-
623  TAMB probes (D-F) relative to untreated cells (A-C). (A, D) E. coli mcrA*. (B, E) M. barkeri.
624 (C, F) BE326 BH2-Conc. Positively labeled cells indicated in red. FISH-TAMB-labeled cells are
625 gated with respect to Cy5 fluorescence intensity (X-axis) and target cell autofluorescence
626  properties (Y-axis).

627

628 Fig. 4. FISH-TAMB specificity to mcrA in E. coli. (A) E. coli pmoA” cells lacking the mcrA
629  gene do not demonstrate Cy5 fluorescence when treated with 1 pM FISH-TAMB probes. (B)
630  Active E. coli mcrA” cells demonstrate Cy5 fluorescence when treated with 1 uM FISH-TAMB
631  probes. FISH-TAMB-Ilabeled cells are indicated in red. FISH-TAMB-labeled cells are gated with
632  respect to Cy5 fluorescence intensity (X-axis) and E. coli autofluorescence properties (Y-axis).
633

634 Fig. 5. FISH-TAMB-treated methanogens labels mcrA-transcribing cells. Spinning disk
635  photomicrographs of diverse surface morphologies in FISH-TAMB-treated methanogenic
636  enrichments. (A) M. barkeri aggregate treated with 1 uM FISH-TAMB probes. Cellular
637  autofluorescence and Cy5 fluorescence were excited with 405 nm and 647 nm lasers,
638  respectively. Image snapped using 518 nm and 670 nm emission filters. (B-E) BE326 BH2-Conc
639  methanogenic enrichments were incubated for 15 minutes with 1 uM FISH-TAMB probes and
640  imaged every minute for 14 hours. Sample images are from the first minute of monitoring. Cy5
641  fluorescence was captured according to above-described parameters and integrated in real time
642  with bright field image collection. FISH-TAMB demonstrates indiscriminate hybridization to (B)

643  single cells, (C) physically-associated cells, (D) labeled and unlabeled cell pair, and (E) cell
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644  aggregate. Positively labeled cells indicated in red. All samples were maintained under a 100%
645  COzatmosphere during imaging. 100x magnification. Scale bar 10 pm.

646

647  Fig. 6. Fluorescence lifetime of Cy5 in FISH-TAMB-hybridized cells. BE326 BH2-Conc
648  methanogenic enrichments were incubated anaerobically with 1 uM FISH-TAMB probes and
649  subsequently imaged via spinning disk photomicroscopy. Samples were excited with a 647 nm
650 laser line and analyzed at 670 nm under a 100% CO, atmosphere. Micrographs were snapped
651 every minute for 14 hours. Micrographs here represent the first four hours of observation. (A)
652  Single cells. (B) Physically-associated cells. (C) Cell pair in which an unlabeled cell becomes
653  labeled between 20 and 120 minutes. (D) Cell aggregate. 100x magnification.

654

655 Fig. 7. FISH-TAMB viability assessment by growth curve analysis. E. coli mcrA”, E. coli
656  pmoA’, and M. barkeri cultures (~10° cells mI™) were incubated with 1 pM FISH-TAMB probes
657  and inoculated into their respective growth media. Growth was measured spectrophotometrically
658  (ODsgqo for E. coli, ODssg for M. barkeri) and growth rates compared to untreated cultures.

659
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Table 1. Flow cytometry data of FISH-TAMB treated cells.

Total Cells

#mL™")

FISH-TAMB
labeled cells

% FISH-
TAMB

FISH-TAMB
probes/cell

t-value*

#mL™)

labeled cells

E. coli pmoA”™ (n=3) 3.9+0.7x 10° 79+24x10° 0.02% | 1.6 £ 0.3 x 10’ 0.25 1.6
E. coli merA™ (n=3) 1.6+0.9x 10° 25+1.5x10° 2% 3.8+ 0.2x 10’ 0.03%* 5.2
M. barkeri (n=2) t 1.5+0.2x 10’ 54+02x10*| 32% (+~22%) | 3.5+ 0.1 x 10° 0.01%* 9.6
BE326 BH2-Conc (n=3) t 47+15x10° 50+1.0x 10° 1% (t~3%) | 1.4+ 0.4 x 10° 0.01%* 9.2

* Student's t-test of average FISH-TAMB labeled cell concentration versus uninocculated control with 1x DPBS + growth media +
FISH-TAMB probes (two-tailed distribution, equal variance assumed).

**Significant p-values (p<0.05). T M. barkeri and BE326 BH2-Conc data corrected to account for cell aggregates initially enumerated

as individual events.






