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24 Abstract
25
26 We developed a new pipeline for simultaneous analyses of both rRNA profile

27  asataxonomic marker and mRNA profile asafunctional marker, to understand microbial
28  ecosystemsin natural environments. Our pipeline, named All-RNA-Information

29  sequencing (ARIseq), comprises a high-throughput sequencing of reverse transcribed
30 total RNA and several widely used computational tools, and generates quantitatively

31 reliable information on both community structures and gene expression patterns, which
32  wereverified by quantitative PCR anaysesin this study. Particularly, correlation network
33 analysisinthe pipeline can reveal microbial taxa and expressed genes that share patterns
34  of dynamics among different time and/or geographical points. The pipelineis primarily
35  mapping-based, using apublic database for small subunit rRNA genes and obtained

36  contigs as the reference database for protein-coding genes. We applied this pipeline to
37  biofilm samples, as examples, collected from an acidic spring water stream in the

38  Chyatsubomi-goke Park in Gunma prefecture, Japan. Our analyses revealed the

39  predominance of iron and sulfur-oxidizing bacteria and Pinnularia diatoms, and also

40 indicated that the distributions of the iron-sulfur-oxidizing bacterial consortium and the
41  Pinnularia diatoms largely overlapped but showed distinct patterns. In addition, our

42  anayses showed that the iron-oxidizing bacterial genus Acidithiobacillus and

43  co-occurring Acidiphilium shared similar distribution pattern whereas another

44  iron-oxidizing genus Leptospirillum exhibited a distinct pattern. Our pipeline enables
45  researchersto more easily capture the outline of microbial ecosystems based on the

46  taxonomic composition, protein-coding gene expression, and their correlations.

47

48

49 Introduction

50

51 Microbial communities play various and crucial rolesin their habitat
52  ecosystems. Because most microbia speciesin many environments are yet uncultivable,

53  culture-independent approaches are generally adopted to reveal both taxonomic
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54  compositions and potential functions. Sequencing analysis of small subunit (SSU) rRNA
55  geneampliconsiswidely used methodology to obtain information on the taxonomic

56  composition of amicrobial community. M etagenome and metatranscriptome analyses are
57  aso performed to investigate the community structure based on rRNA and/or other

58  taxonomic marker genes as well as to obtain the functional information on the microbial
59  community. In general, researchers choose a combination of these methodologies to

60 comprehensively understand amicrobial ecosystem.

61 Among these currently available methodologies, RNA-based analyses are

62  essential to the assessment of microbial activities. The large proportion of rRNA,

63  compared to mRNA, has been an obstacle to functional analyses based on mMRNA

64  sequences; however, high-throughput sequencing has enabled researchers to analyze

65  sufficient mMRNA sequences without depleting rRNA in many cases. Simultaneous

66  acquisition of both mMRNA sequences as functional markers and rRNA sequences as

67  taxonomic markers from the same RNA sample is advantageous to depict the precise
68  picture of amicrobia ecosystem [1-4]. Furthermore, amplicon-based analyses of rRNA
69  sequences are subjected to PCR amplification bias [5]. Thus, development of a simple
70  and quantitatively reliable pipeline for the simultaneous analysis of both mRNA and

71  rRNA datawill greatly help researchers.

72 Here, we developed a pipeline comprising severa steps: a standard quality

73  filtering of sequence reads, mapping reads to a public SSU rRNA sequence database, de
74  novo assembly of mMRNA reads and annotation of the contigs, mapping reads to the

75  mRNA contigs, and finally statistical analyses of the expression level of respective gene
76  categories and the frequency of microbia taxa Our pipeline, named

77  All-RNA-Information sequencing (ARIseq), yields quantitatively reliable information
78  for both microbial community structure and gene expression, which was tested by

79  quantitative PCR (gQPCR) analyses. The quantitative information is also used for a

80  correlation network analysis, which can reveal microbial taxa and expressed genes that
81  share patterns of dynamics among different time and/or geographical points.

82 We applied this newly developed tool, ARIseq, to an analysis of biofilm

83  samples collected from an acidic spring water stream at the Chyatsubomi-goke Park in
84  Japan. This acidic stream is awell-known ecosystem for bio-mineralization by

85  iron-oxidizing microbial consortia[6]. ARIseq successfully provided quantitative
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information on both the microbial community structure and gene expression. The results
showed that the similarity and dissimilarity of distribution patterns among dominant

organisms and expressed genes.

Materials and M ethods

Sample collection

Biofilm samples were collected at three different points along an acidic stream
at the Chyatsubomi-goke Park in Gunma prefecture, Japan [6]. The stream originated
from an acidic spring and then flowed down to the inlet point of the Shirakinu waterfall.
The three points were: site 1 upstream point (36°38'58.14"N 138°35'10.66"E), site 2
upstream point (36°38'58.14"N 138°35'11.24"E), and site 3 downstream point
(36°38'57.05"N 138°35'27.82"E). A schematic drawing of these sampling sites with
water temperature, pH, and *'Fe element concentration was shown in Fig 1. The values of
pH and water temperature were directly measured by a portable pH meter, HM-30P (TOA
DDK, Tokyo, Japan). Thetotal iron concentration in the stream water was determined for
*"Fe element in the diluted solution by 0.01 mol L™ hydrochloric acid (088-02265,
WAKO, Japan) by an inductive coupled plasma mass spectrometry, Nex|ON300
(PerkinElmer Japan, Yokohama, Japan).

Fig 1. Schematic drawing of sampling site topology and physical and chemical
conditions.

Three stones (indicated as a, b, c) per site were sampled. Each stone was rinsed
with purified water, and biofilm was brushed off from the stone surface using a sterile
toothbrush and purified water. Suspension of the collected biofilm was filtered with a
0.22-um polyvinylidene difluoride (PVDF) Durapore® membrane (Millipore, Billerica,
MA, USA). The filter membrane with trapped materials was preserved in 1 ml of
RNAlater® solution (Ambion, Austin, TX, USA) at -80°C until being processed. In total,

nine samples were collected (designated as samples 1a—, 2a—, and 3a—<).
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118 RNA extraction and sequencing

119 The materials trapped on the filter membrane was resuspended in RNAlater®
120 by pipetting, and precipitated by centrifugation at 15,000 rpm for 5 min. The pellet was
121  subjected to RNA extraction, using the PowerBiofilm RNA Isolation Kit (MO Bio,

122 Carlsbad, CA, USA), according to the manufacturer’s instructions. RNA was eluted with
123 100 pl of purified water. RNA concentration was measured using a Qubit system

124  (Invitrogen, Carlsbad, CA, USA) and adjusted to 100 ng/ul with purified water. RNA was
125  not sufficiently recovered from samples 1b, 1c, and 3c, which were removed from further
126  experiments.

127 Sequencing libraries were prepared using the SMARTer® Stranded RNA-Seq
128  Kit for Illumina (Takara, Kyoto, Japan), following the manufacturer’s instructions. The
129  concentration and length of DNA fragments in the sequence library were measured using
130  the Qubit system and a Bioanalyzer 2100 (Agilent Technologies, Carlsbad, CA, USA).
131  When libraries contained DNA fragments < 80 bp, the libraries were further processed
132 with the Agencourt AMpure XP (Beckman Coulter, Brea, CA, USA) to remove small
133  fragments, according to the manufacturer’s instructions. Sequencing was performed on
134  thellluminaMiSeq platform (Illumina, CA, USA) with the Reagent Kit v3 (600 cycles,
135  paired-end mode). Sequence data have been deposited at DDBJ with the accession

136  number DRAOO05571.

138 Processing sequence data

139 The scheme of sequence processing is outlined in Fig. 2. Sequence reads were
140  trimmed and quality-filtered using program Trimmomatic [ 7] in paired-end mode with a
141  seed mismatch value of 5, a palindrome clip threshold of 30, asimple clip threshold of 7,
142  aminimum read length of 100 bp and a headcrop of 6 bp. Trimmed reads were used for
143  mapping to the SSU rRNA sequence database SILVA release 108 for QIIME [8,9].

144  Mapping was performed using Bowtie2 [10] with alocal alignment mode and single- or
145  paired-end modes. The data generated by Bowtie2 were converted to the sorted binary
146  sequence alignment/map (BAM) format, using samtools [11], and the number of mapped
147  reads were counted using the eXpress program package [12]. The read count data were
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148 integrated into taxon information and utilized for secondary analyses (see below).

149 Reads unmapped to the SILVA SSU rRNA database by paired-end mode were
150 assembled using the Trinity program package [13] with the Jaccard clip option, to

151  construct contigs. Open reading frames (ORFs) and the encoded protein sequences were
152  predicted using the TransDecoder program package (https.//transdecoder.github.io/). The
153 ORF datawere used as the reference database for mapping reads. Functional annotation
154  of theidentified ORFs was conducted with the Trinotate program package

155  (https://trinotate.github.io/) that uses a combination of a BlastP search against the

156  “UniProt/Swiss-Prot database for Trinotate”, an hmmer search in the Pfam database, and
157 RNAMMER analysis. BlastP searches against the non-redundant (nr) and standard

158  Swiss-Prot/UniProtK B databases were conducted, and the results were added to the

159  annotation. Furthermore, a Ghost KOALA search provided by the Kyoto Encyclopedia of
160  Genes and Genomes (KEGG) [14] was performed, and a K number was assigned to each
161  of the ORFs. These functiona annotations were combined with the read count data, and
162  rank abundance curves were constructed.

163

164 Secondary analysis

165 The read count data for both SSU rRNA and ORFs were subjected to secondary
166  analyses. First, we performed normalization of the read count data, following a negative
167  binomial distribution with generalized linear model, using the DESeq2 package [15]. For
168 thisanalysis, the reads were divided into two groups: the “upstream group” (samples 1a
169  and 2a—) and the “downstream group” (samples 3a, b). SSU rRNA reads or ORFs with
170  lessthan 10 mapped reads in total from all samples were excluded. The calculation with
171  the DESeg2 package was performed using the TCC packagein R[15].

172 Network analysis was performed based on Spearman’s rank correlation

173  coefficient matrix, calculated using R, for the normalized read count datasets. The results
174  werevisualized using the Gephi program package [16] with atransformed matrix of
175  connection between source and target with collected high positive correlation coefficient
176  (r > 0.7) from correlation coefficient matrix [17]. The raw read count datasets were used
177  alsofor calculating rarefaction curves using Past3.14 [18].

178
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179 Quantitative PCR experiments

180 We performed gPCR to quantify the expression level of genes and to compare
181 theresults with those obtained from our pipeline. We selected two SSU rRNA sequences
182  and two contigs each containing an ORF (ORF contig) as examples that showed

183  differential expression patterns. We chose taxon 17056 (18S rRNA of Pinnularia cf.

184  gibba) and the ORF contig TRINITY _DNB8038 _c26 _g13 i2|m.9499 (peptide 9499), as
185  they were highly expressed in the “upstream group”, and taxon 50111 (18S rRNA of
186  Chironomustentans) and the ORF contig TRINITY_DN6923 c3 gl i3Im.6571 (peptide
187  6571), asthey were highly expressed in the “downstream group”. Peptide 9499 was

188  annotated as an “uncharacterized protein” by both the Trinotate pipeline and a BlastP
189  search against the Swiss-Prot/UniProtK B database. Peptide 6571 was predicted to be
190  3-dehydroquinate dehydratase/shikimate dehydrogenase (K13832) by Ghost KOALA or
191  putative alpha-L1 nicotinic acetyl choline receptor by a BlastP search against the

192  Swiss-Prot/UniProtK B database. Primer sequences for gqPCR are shown in Table. 1.

193 Sequencing libraries were used as templates for gPCR, although one of the
194  downstream samples (sample 3b) was excluded because the library DNA ran out by

195  sequencing. Four samples (1a and 2a—) from the upstream group and one (3a) from the
196  downstream group were subjected to gPCR using the KAPA™ SYBR® Fast gPCR Kit
197 (KAPA Biosystems, MA USA), according to the manufacturer’s instructions. The gPCR
198  was performed in aThermal Cycler Dice® Real Time System TP850 (Takara) in 25-pl
199 reaction volume, and the PCR program was as follows: initial denaturation at 95°C for 30
200  secand 40 cycles of 95°C for 30 sec and 60°C for 1 min. The dilution rate of the samples
201  was 1/200. The calibration curve was constructed using sample 2c with dilution rates
202  1/100, 1/200, /400, 1/800, 1/1600, and 1/3200. The experiments were conducted in

203 triplicate. The amount of template DNA was adjusted, using the KAPA™ Library

204  Quantification Kit for Illumina (KAPA Biosystems, MA USA).

207 Results and Discussion
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209 Mapping-based analysis of total RNA sequences

210 Total RNA sequencing of the six biofilm samples (1a, 2a—c, and 3b,c)

211  generated 770,334 to 1,320,217 read pairs, and >80% reads passed the quality check
212  (Table 2). These reads were analyzed using our mapping-based ARIseq pipdine (Fig 2).
213  Of thereads, 45.7% were mapped to the SILVA SSU rRNA sequence database, using the
214  single-end mode option of Bowtie2 (Table 2). When using the paired-end mode, mapped
215  readswere only 5.1%; thus, we used the results obtained using the single-end mode for
216  quantification data. We here only considered quantification of SSU rRNA genes sharing a
217  high sequence identity with those in the reference database, Therefore, the unmapped
218  readsshould contain other SSU rRNA, large subunit rRNA, and non-coding RNA, which
219  can beidentified and removed in the following annotation step.

220

221

222 Fig 2. Schematic flow chart of the ARIseq pipdine. Green arrows indicate the flow of
223  rRNA gene data, and red arrows indicate the flow of the other RNA.

224

225 Unmapped reads against the SILVA database by paired-end mode mapping
226  were used for a de novo assembly process using Trinity, and then ORFs on the contigs
227  were predicted by using TransDecoder. These ORFs were used as the reference sequence
228  database for mapping analysis to obtain gene expression profiles. In the single-end mode
229  of Bowtie2, 17.2% of the reads were mapped onto this self-made database, whereas only
230  2.7% of the reads were mapped in the paired-end mode, (Table 2). Here, we again

231  employed the results from the single-end mode for subsequent analyses.

232 Read count data for both SSU rRNA and ORFs were obtained using the
233  eXpress program package. Fig 3 shows rarefaction curves, which indicated that the
234 sequenceefforts (i.e., number of reads) for both rRNA and ORFs were sufficient or nearly
235  sufficient to obtain most variations in the RNA samples except for the SSU rRNA of the
236  downstream samples 3a and 3b. All read count datasets were subjected to the
237  normalization processes with DESeq2 and annotation using Trinotate, BlastP, and Ghost
238 KOALA (see Materials and Methods for details). The annotation and normalization
239  resultswerelisted in S1 and S2 Tables.
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240

241 Fig3. Rarefaction curves. (a) Rarefaction curves of taxabased on SSU rRNA sequences.
242  Taxawas defined as reads mapped OTUs. (b) Rarefaction curves of protein-coding genes
243  (ORF) based on cDNA sequences from mRNA. Sample names are shown aside the
244  curves.

245

246 In the normalized read count data, gene expressions of several rRNA or ORFs
247  greatly differed between the upstream and the downstream sample groups. For example,
248  mapping data suggested that, adiatom, Pinnularia cf. gibba (taxon 17056), was abundant
249  inthe upstream samples but less represented in the downstream sample 3a based on the
250  rRNA read count data (Fig 4a). In contrast, aguatic larvae of the non-biting midge

251  Chironomustentans (taxon 5111) were found abundant only in the downstream sample 3a
252  (Fig4a). Although insects are not microbes, we here included them because they

253  probably have a great impact on the biofilm ecosystem. These expression patterns were
254  well congruent with the results obtained by gPCR analyses (Fig 4b). ORF read count data
255  showed that the ORF for peptide 9499 was most highly expressed in the upstream

256  samples, whereas ORFsfor peptide 6571 was most highly expressed in the downstream
257  samples (Fig 5a). These results were also congruent with those from gPCR analyses (Fig
258  5b). Thus, our ARIseq analysis pipeline generated quantitatively reliable results for both
259  rRNA and expressed ORFs.

260

261  Fig4. Quantitative analysis of rRNA data. (a) Normalized read counts for an

262  upstream-specific taxon, 17056, and a downstream-specific taxon, 5111. (b) Relative
263  abundance of these taxa evaluated by gPCR.

264

265  Fig5. Quantitative analysis of ORF data. (a) Normalized read counts of an

266  upstream-specific ORF for peptide 9499 and a downstream-specific ORF, 6571. (b)

267  Relative abundance of these ORFs evaluated by gPCR.

268

269  Biofilm community structurein the acidic stream

270 Fig 6 shows SSU rRNA-based taxonomic compositions at the domain level.
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Eukaryotes or bacteria predominated in all samples; only afew archaeal sequences were
detected. The distribution pattern of each taxon was summarized by a correlation network
analysis (Fig 7a). Six clusters were recognized, and each distribution pattern is shown in
Fig 7b. Here, a“cluster” is defined as a group of taxathat exhibit similar distribution
pattern among the samples. Members of cluster 1 mainly inhabited the downstream sites
(samples 3a,b), whereas members of clusters 3, 4, and 5 were found mostly at upstream
sites (samples 1a and 2a—). Because the reads assigned to clusters 2, 5, and 6 were

relatively few, we focused only on clusters 1, 3, and 4 for comparisons.

Fig 6. Taxonomic comopistions at domain level. Normalized read counts are used for
the calculation.

Fig 7. Corréation network analysis of SSU rRNA data. (a) A network drawn for
relationships with positive correlation indexes > 0.7. (b) Normalized read counts of SSU

rRNA for taxa assigned to each cluster.

Fig 8 shows the taxonomic composition of each cluster at the genus level.
Chironomus midge larvae, Pinnularia diatoms, and Acidithiobacillus bacteria
predominated in clusters 1, 3, and 4, respectively. Thisat once indicated that Chironomus
predominated in the downstream regions, and that Pinnularia and Acidithiobacillusdidin
the upstream regions. Acidithiobacillusis a well-known acidophilic bacteria genus that
oxidizes sulfur and iron, and is frequently found in acid mine drainage [19-22]. In this
acidic stream, the presence of bacteria attached to iron precipitate with
phosphorous/sulfur crystals was previously reported [6]. It is highly possible that
Acidithiobacillus members with co-occurring, possibly symbiotic Acidiphilium[23], the

second-dominant genus in cluster 4, mainly cause iron/sulfur oxidation.

Fig 8. Taxonomic compasitions of each cluster generated by network analysis of
SSU r RNA data. Normalized read counts are shown at the genus level. The taxonomy
was based on the SILVA database release 108. Original data are shown in S3 Table.

Pinnularia diatoms are al so frequently found in acid mine drainage [19,24] and

10
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303  comprise abiofilm community [25]. The presence of Pinnularia-like diatomsin this
304  acidic stream was previously reported: the cells were found around or attached to

305 precipitated Fe-P materials [6]. As shown in Fig 8, overlapping but distinct distribution
306 pattern is observed between Pinnularia and Acidithiobacillus in the upstream region.
307  This pattern suggested that the primary production at the upstream site 2ais largely
308  attributable to the iron-sulfur oxidation by Acidithiobacillus, while photosynthesis by
309 Pinnularia contributes to the primary production broadly in the upstream region

310 In the downstream samples, the larvae of the non-biting midge genera

311  Chironomus and Acricotopus were predominant (Fig 8). These chironomid larvae are
312  detritivores and frequently found in biofilms in freshwater [26]. The third-dominant
313  genusinthe downstream samplesin cluster 1 was Leptospirillum. Leptospirillum

314  members are also iron-oxidizersin general and produce iron/sulfur granules inside their
315  extracellular polymeric substances that compose the biofilm [19,27,28]. This different
316  distribution pattern between Acidithiobacillus and Leptospirillum as revealed in our
317  correlation analysisimplies their niche differentiation.

318

319 Geneexpression profilesand correlation with taxonomic

320 compositions

321 ORFs showing a similar expression pattern among the samples were aso

322  clustered by acorrelation network anaysis (Fig 9a). Two large clusters were generated:
323  cluster 1 comprised ORFsthat were highly expressed in the downstream samples; cluster
324 2 comprised those highly expressed in the upstream samples (Fig 9b). In cluster 2, genes
325  related to photosynthesis, such as electron transportation and photosystem components
326  weredominant (Table 3). This coincided with the predominance of diatomsincluding
327  Pinnulariain the upstream region (Fig 8).

328

329 Fig9. Corrélation network analysis of expressed ORF data. ORFs were categorized
330  and bundled according to the KEGG orthology. Normalized read counts were used for the
331 anaysis. (a) A network drawn for relationships with positive correlation indexes >0.7. (b)
332  Normalized read counts of expressed ORFs assigned to each cluster.

333 Furthermore, we constructed a correlation network based on expression

11
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334  patterns of both rRNA and ORF datasets (Fig 10). Here, “cluster” comprised both SSU
335 rRNA and ORFsthat exhibited similar distribution patterns among the sampling sites.
336  The clustering pattern resembled that based on SSU rRNA (Fig 8 and 11); the ORF

337  expression patterns and the SSU rRNA distribution patterns were well congruent.

338  Dominant gene categoriesin each cluster were mostly house-keeping genes (Tables 4 and
339  5) or photosynthesis-related genes (Table 6). Rank abundance curves of taxa that

340  expressed genes related to photosynthesis and assigned to cluster 6 are shown in Fig 12,
341  which suggested that photosynthesis-related genes were mainly originated from diatoms.
342 InFig 12, closest species that were identified by BlastP searches against the

343  SwissProt/UniProtKB database are shown. Phaeodactylumtricornutum, listed as the
344  predominant speciesin Fig 12, is a marine diatom and one of the few diatoms with

345  genome sequence being analyzed [29]; thus, this most likely represented the predominant
346  diatom Pinnulariain the upstream region of this acidic stream.

347

348 Fig10. Corréation network analysis of combined data of SSU rRNA and expressed
349 ORFs. (@) A network was drawn for relationships with positive correlation indexes >0.7.
350  (b) Normalized read counts of SSU rRNA-based taxa and expressed ORFs assigned to
351  each cluster.

352

353  Fig 11. Taxonomic compositions of each cluster generated by networ k analysis of
354  combined data of SSU rRNA and expressed ORFs. The taxonomic compositions were
355  based only on the SSU rRNA data. Original data are shown in $4 Table. See also the
356 legendto Fig 8.

357

358 Fig12. Rank abundance cur ves of taxa expressing genesinvolved in photosynthesis.
359  The species names are the closest taxa found by BlastP searches for

360 photosynthesis-related genes against the SwissProt/UniprotK B database. Genes assigned
361 tocluster 6in Fig 10 were used for the analysis. (a) Rank abundance curves of organisms
362  that expressed genes related to electron transportation (K00330, K00339, K00343,

363 K00412, K02256, K02261, K02262, K03881, K03883, K03934, and K03935). (b) Rank
364  abundance curves of organisms that expressed genes related to photosystem (K 02689,
365 K02690, K02703, K02704, L02705, K02706, and K08910). (c) Rank abundance curves

12
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366  of organismsthat expressed genes for the RuBisCO components (K01601 and K01602).
367  Asterisksindicate diatoms.
368

369 Conclusions

370  Our All-RNA-Information Sequencing analysis (ARIseq) successfully revealed both
371  microbial community structures and expressed gene categories in quantitatively reliable
372  forms. Particularly, our ARIseq pipeline was able to show the correlation among the
373  community members based on rRNA frequency and also the correlation among the gene
374  categoriesin the biofilm samples collected from the acidic spring water stream. Our
375 pipelineissuitable for researches to capture comprehensive information from one RNA
376  sequencing analysis and facilitates understanding of ecological functions of organismal
377  communitiesin natural environments.
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