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1.1. Background 

Biotechnology, particularly in its application to the production of useful 

substances using microbes, has significantly increased living standards by aiding in the 

production of biopharmaceuticals, biochemical materials, and fermented foods. In the 

future, bitechnology is also expected to contribute to the achievement of the Sustainable 

Development Goals. Conventional microbial research has evolved based on the use of 

isolation and cultivation as a gold standard, therefore unculturable microbes that cannot 

be captured by this method were excluded from research. However, less than 1% of 

microbes in most environmental samples are culturable, and the remaining percentage of 

unculturable microbes are expected to possess several unknown activities [Amann et al. 

1995, Rinke et al. 2013]. Therefore, expanding the available biological and genetic 

resources by utilizing isolation-independent research methods that can analyze a wider 

range of microbial species, can contribute to the development of further strategies for 

application in biotechnology. In addition, it could also help build sustainable society 

[Handelsman 2004]. 

 To date, studies on the phylogenetic diversity of microbes with culture-

independent methods have revealed the coexistence of known and novel microbes in 

environments, and the relationships among them have been inferred. In recent years, 

methods that focus on the "function" of microbes have been used, and it is desired to 

analyze microbial consortia in greater detail by clarifying not only "who is there" but also 

"what they are doing" [Handelsman 2004]. 

 Recent developments in meta-analysis (metagenomics, metatranscriptomics, 
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metaproteomics, and metabolomics) have significantly advanced the functional analysis 

of microbial consortia. In particular, results of metatranscriptomic analysis using next-

generation sequencing (NGS) well reflects the rapid changes in gene expression of 

microbes by sensing stimuli such as changes in environmental conditions [Moran 2009, 

Carvalhais et al. 2012, Franzosa et al. 2014, Goodwin et al. 2016]. However, the 

metatranscriptome data lacks the information of the "owner". To investigate "who is 

doing what", in other words, the function of individual microbes, it is necessary to identify 

which microbe is the “owner” of the mRNA, based on the data from analysis for 

performing further functional analysis. Therefore, there is a need for a technology that 

can connect mRNA and microbes for the analysis of microbial consortia. 

 

1.2. Statement of the problem 

In metatranscriptomic analysis, mRNA extraction is ordinarily performed from 

various microbial cells before sequencing. Thus, the host of the extracted mRNA is 

unknown. Therefore, the functions of individual microbes in the consortium cannot be 

revealed by metatranscriptomic analysis alone. Moreover, when the composition of the 

microbiota is unknown, metagenomic analysis is often performed to obtain reference 

sequences, but it is difficult to reconstruct whole genomes of all microbes, and to 

assemble the reads to large contigs [Qin et al. 2010]. To utilize functional microbes and 

their functional genes for biotechnological applications, it is important to understand how 

they function in their natural environment. To reveal how individual microbes function 
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and interact within a microbial consortium, transcriptome data needs to be combined with 

imaging techniques that can provide spatial information [Imdahl and Saliba 2020]. 

 Fluorescence in situ hybridization (FISH) is a commonly used microbial 

imaging techniques, mainly to study the phylogenetic diversity of consortia by visualizing 

ribosomal RNA (rRNA) in microbial cells. Since the amount of mRNA in microbial cells 

is much lower than that of rRNA, mRNA cannot be visualized using the same method. 

Although FISH methods combined with signal enhancement techniques have been 

developed for eukaryotic cells and tissues [Larsson et al. 2010, Wang et al. 2012, Battich 

et al. 2013, Wu et al. 2018, Rouhanifard et al. 2019], these methods are not suitable for 

prokaryotic consortium analysis because of their specificity, high cost, and inability to 

detect short mRNA molecules. Table 1-1 shows a comparison of conventional mRNA-

targeted imaging methods. All the methods in Table 1-1 targeted the specific sequences 

of not only mRNA but also genomic DNA since the probe recognized both DNA and 

RNA. Therefore, to detect mRNAs alone, a technique combined with RNA molecule-

specific recognition should be developed. 

 The present study was undertaken to address these issues in imaging techniques 

of prokaryotic mRNA. Previous findings relevant to this study are summarized below. 

 

1.3. Literature review 

1.3.1. Recent studies analyzing microbial consortia using metatranscriptomics 

Metatranscriptomic analysis has been applied to a variety of microbial 
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communities in marine [Amin et al. 2015, Moitinho-Silva et al. 2017], soil [Johnston et 

al. 2019], subsurface [Lau et al. 2016], and artificial environments [Luo et al. 2014, Nobu 

et al. 2015, Hao et al. 2020], and also within animals [McFall-Ngai et al. 2013, Bashiardes 

et al. 2016, Heintz-Buschart et al. 2018, Yang et al. 2020]. Metabolic pathways have been 

predicted by metagenome and genome sequences in databases, and the respective gene 

expression has been examined from metatranscriptome data to estimate microbial 

functions and interactions in complicated microbial communities. This approach revealed 

the following microbial interactions: interactions through the circulation of carbon, 

nitrogen, and sulfur [Lau et al. 2016, Moitinho-Silva et al. 2017, Hao et al. 2020], 

interspecies donation of signaling molecules that promote cell division [Amin et al. 2015], 

metabolic cooperation to degrade substrates that cannot be degraded by a single species 

[Luo et al. 2014], symbiotic relationships formed through the decomposition of inhibitor, 

such as hydrogen [Nobu et al. 2015], and symbionts that are interdependent with the host 

in terms of nutrition and energy [Bashiardes et al. 2016, Heintz-Buschart et al. 2018, Yang 

et al. 2020]. 

By analyzing the expression of metatranscriptomes targeting genes in 

metabolic pathways related to the observed functions, it is possible to estimate the 

microbes that play important functions in the consortium and the metabolic cooperation 

among multiple microbes. In relatively dominant microbial species, it is easy to obtain 

relatively long contigs even from metagenomes, and transcripts are relatively abundant. 

Therefore, they are likely to be of interest for gene expression analysis using expression 

level as a priority. On the contrary, the sequence data of minority microbial species tend 
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to be hidden by those of the dominant species. However, the results from recent studies 

reveal that the function of minority microbial species can have a significant impact on 

populations [Pester et al. 2010, Bodelier et al. 2013, Lawson et al. 2015, Jousset et al. 

2017, Sato et al. 2019]. It was recently reported that de novo RNA-seq is useful for 

capturing the function of minority microbial species that are important in the consortium 

[Sato et al. 2019]. 

In addition, the following analytical techniques have been used to validate the 

estimated consortium functions and for more detailed analysis: targeted metabolite 

analysis [Amin et al. 2015], tracking of metabolites using stable isotopes [Lau et al. 2016], 

proteomics [Schmidt et al. 2013, Lau et al. 2016, Yang et al. 2020], single-cell genomics 

[Embree et al. 2014], and FISH targeting 16S rRNA to understand the location of 

microbial species [Moitinho-Silva et al. 2017]. By characterizing the metabolism based 

on functional estimation, it is possible to design a suitable medium, which may lead to 

the successful cultivation of unculturable microbes [Bomar et al. 2011]. 

 

1.3.2. Imaging technologies for microbes 

1.3.2.1. 16S rRNA-targeted FISH 

 For microbial imaging, FISH has been widely employed to visualize cells by 

hybridizing fluorescently labeled oligonucleotide probes to rRNA, which is present in 

large amounts in cells [Sekiguchi et al. 1999, Dige et al. 2007, Dekas et al. 2014, Wada 

et al. 2016, Cardinale et al. 2018, Lukumbuzya et al. 2019]. For the detection of bacteria, 

universal probes designed for conserved regions of 16S rRNA [Amann et al. 1990, Daims 
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et al. 1999] and order-, family-, and genus-specific probes [Devereux et al. 1992, Raskin 

et al. 1994] have been developed to visualize the abundance and location of targeted 

bacterial species. 

 

1.3.2.2. mRNA-targeted signal amplifying FISH 

 To detect mRNAs, which are much less abundant in cells than rRNA, many 

FISH methods combined with signal amplification techniques have been developed, 

mainly for eukaryotic cells and tissues [Larsson et al. 2010, Wang et al. 2012, Battich et 

al. 2013, Wu et al. 2018, Rouhanifard et al. 2019]. However, these techniques, which 

amplify signals from cDNA by reverse transcription [Larsson et al. 2010] or from scaffold 

probes directly hybridized to mRNA [Wang et al. 2012, Battich et al. 2013, Wu et al. 2018, 

Rouhanifard et al. 2019], cannot be directly used for prokaryotic mRNA detection. This 

is because prokaryotic mRNA is not spliced and contains the same sequence as the gene 

sequence of genomic DNA (gDNA), which may result in noise from nonspecifically 

hybridized scaffold probes. It has also been reported that the low reaction efficiency of 

intracellular reverse transcription reduces the detection rate in methods to detect cDNA 

[Lee et al. 2020]. 

 CARD-FISH, two-pass TSA-FISH [Kubota et al. 2006, 2013] and 2C-FISH 

[Neuenschwander et al. 2015], which recognize mRNA with horseradish peroxidase 

(HRP)-labeled probes and amplify the signal by depositing large amounts of fluorescently 

labeled tyramide in the cells, have been reported to detect bacterial mRNA. However, 

endogenous HRP activity and excessively high sensitivity may affect specificity, limiting 
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its versatility [Kubota et al. 2006]. 

 

1.3.2.3. Single-molecule FISH 

 Recently, single-molecule FISH (smFISH) has been developed, in which 

multiple oligonucleotide probes labeled with the same fluorescence are directly 

hybridized to the target sequence to enhance the signal for detection [Raj et al. 2006, Raj 

et al. 2008, So et al. 2011, Skinner et al. 2013, Torre et al. 2018]. Badstöber et al. 

visualized the spatiotemporal interactions between pathogens and plants and algae using 

smFISH and demonstrated the possibility of using this technique to analyze interactions 

between organisms [Badstöber et al. 2020]. However, at least 32 to 48 probes with 

different sequences are required to detect an mRNA, so the cost per target mRNA 

becomes high [Badstöber et al. 2020]. Recently, Dar et al. developed a new mRNA 

detection method that solves this problem of smFISH and reported mRNA detection in 

bacteria [Dar et al. 2021]. However, in these techniques, which hybridize many probes to 

mRNA, the probe design is very complicated, and the noise originating from gDNA-

hybridized probes cannot be controlled. Furthermore, due to the limitation of requiring a 

series of long sequences for probe recognition, it cannot be applied to short sequences 

obtained by metatranscriptomics, and mRNAs of gene family members with similar 

sequences are also difficult to identify [Larsson et al. 2010]. 

 

1.3.2.4. Rolling circle amplification-FISH 

 Rolling circle amplification (RCA) is an amplification method for single-strand 
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DNA, that utilizes the recognition of the target sequence by a circular probe and the highly 

accurate and continuous DNA synthesis by φ29 DNA polymerase [Li et al. 2009, Paez et 

al. 2004]. It enables highly sensitive detection of targets by detecting the reaction product, 

long single-strand DNA (RCA product, RCP) [Zhong et al. 2001, Lizardi et al. 1998]. 

This method has also been applied to RNA detection [Li et al. 2009, Takahashi et al. 2010]. 

However, the detection target of the circular probe was limited to the 3′-end [Takahashi 

et al. 2010], and the use of an additional primer to initiate the RCA reaction to detect the 

internal sequence produced noise. It has been reported that the 3′→5′ exonuclease activity 

of φ29 DNA polymerase eliminates the need for additional primers [Lagunavicius et al. 

2008, 2009], but this activity has not been confirmed [Larsson et al. 2010]. RCA was 

combined with the padlock probe (PLP) system, which is made of single-stranded DNA 

with 10-20 mer recognition sequences at each end, with both ends are ligated to form a 

circular probe after hybridization to the target sequence [Larsson et al. 2004, Nilsson et 

al. 1994], in situ mRNA detection methods with high sequence specificity were developed 

[Larsson et al. 2010, Ke et al. 2013]. Since the total recognition sequence of PLP is 20-

40 mer, short mRNA can be detected. In addition, since RCP is a tandem repeat of the 

complementary strand of PLP, it can be easily detected by in situ hybridization of 

fluorescent oligonucleotide probes with partial sequences of PLP. Therefore, only one 

fluorescent probe per target mRNA needs to be designed. The visualization of miRNAs 

in eukaryotic cells using the RCA method has been reported [Wu et al. 2016, 

Krzywkowski and Nilsson 2017, Lin et al. 2020]. 

Unlike short RNAs such as miRNAs, for which the entire sequence can be 
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hybridized to PLP and used as a primer, the method of hybridizing an additional primer 

to PLP to initiate the amplification reaction has been used for mRNA detection [Deng et 

al. 2017, Schneider and Meier 2017, Sountoulidis et al. 2020]. However, nonspecific 

signals may be produced due to nonspecific hybridization of the additional primers to 

intracellular molecules [Cao et al. 2020]. 
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Table 1-1 Comparison of existing mRNA-targeted imaging methods. 

 

Method Detection principle Fluorescently-labeled 
probes/mRNA

Length of the RNA 
sequence needed to 

recognize (mer)

Targeted
organisms

Bacterial mRNA
specific detection References

CARD-FISH,
Two-pass TSA-FISH

Hybridization of 
complementary probe and 

enzymatic reaction of HRP and 
tyramide.

1
(Tyramide-fluorophore)

20
bacteria,
archaea

×
(intrinsic HRP activity can 
cause non-specific signals)

Kubota et al. 2006,
Kubota 2013

RNAscope,
bDNA-smFISH

Recognize the target mRNA 
directly with "z"-shaped probes 

and making it a scaffold of 
signal amplification.

1~2 1 k mammal

×
(gDNA-hybridized target 

probes can cause non-specific 
signal)

Wang et al. 2012,
Battich et al. 2013

RollFISH
Direct hybridization of 

recognition probes and RCA
1 1 k~2 k mammal

×
(gDNA-hybridized target 

probe can cause non-specific 
signal)

Wu et al. 2018

ClampFISH
Repeating hybridization of “c” 

form probes and ligation
2

(ClampFISH probes)
300 mammal

×
(gDNA-hybridized target 

probe can cause non-specific 
signal)

Rouhanifard et al. 2019

smFISH
Direct hybridization of 

fluorescently-labelled probes
32~ 640~

bacteria,
archaea,

eukaryotes

△
(gDNA-hybridized target 

probes can cause non-specific 
signal)

Raj et al. 2006, 2008,
So et al. 2011,

Skinner et al. 2013,
Torre et al. 2018

par-seqFISH

Recognize the target mRNA 
with primary probes, and

hybridize the fluorescently 
labeled probe to both ends of 

primary probes.

1 360~600 bacteria

△
(gDNA-hybridized target 

probes can cause non-specific 
signal)

Dar et al. 2021

cDNA-targeted RCA-FISH RT and RCA 1 20~40 mammal
×

(cannot distinguish cDNA and 
gDNA)

Larsson et al. 2010

mRNA-targeted RCA-FISH
RCA with additional RCA 

primer
1 20~40 mammal

×
(non-specific hybridization of 
additional primer can cause 

non-specific signal)

Deng et al. 2017,
Schneider et al. 2017,

Sountoulidis et al. 2020



 15 

1.3.3. microbial single-cell RNA-seq - A technique expected to be developed further for 

better analysis of microbial consortia 

 Even in a population consisting of a single microbial species, gene expression 

is not the same and differs from cell to cell due to factors such as environmental changes, 

stress, and other stimuli [Ackermann 2015, Engl et al. 2019, Kuchina et al. 2021]. In 

environmental microbial consortia, where diverse microbes are heterogeneously mixed 

and can be altered by trivial stimuli, gene expression differs significantly in each 

microspace [Davis and Isberg 2016]. Data from transcriptome analysis averaging the 

expression levels of individual cells cannot capture such changes in gene expression in 

individual cells. 

 For eukaryotic cells and tissues, single-cell RNA-seq (scRNA-seq), which 

isolates individual cells and comprehensively analyzes gene expression in each cell, is 

now available [Picelli et al. 2013]. Methods for microbial scRNA-seq have also been 

developed in recent years [Blattman et al. 2020, Imdahl et al. 2020, Kuchina et al. 2021], 

but a technique that can be used to analyze a wide variety of microbes in the environment 

has not been fully developed [Imdahl and Saliba 2020-a]. If such a technique can be 

advanced further to reveal the genes expressed in environmental microbial consortia with 

greater accuracy, the estimation of interactions will be more precise. The accurate 

estimation will help to design efficient probes for imaging. This will also help imaging 

techniques access the hidden gene expression of important minority microbial species, 

greatly advancing the analysis of environmental microbial consortia. 
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1.3.4. RNA direct detection method 

 So far, we have developed new detection method using PLP combined with 

RCA, and this is a direct RNA detection method [Takahashi et al. 2018]. This method, 

called RNase H-assisted RCA (RHa-RCA), uses the target RNA directly as a primer for 

the RCA reaction. The conversion of RNA into primer is controlled by the substrate 

specificity of the nuclease, and DNA cannot be converted into a primer. Therefore, 

amplification is initiated when the PLP hybridizes to the RNA. On the other hand, indirect 

detection using padlock probe combined with RCA employed additional probe 

recognizing PLP sequence. Therefore, once PLP was circularized, even if it was 

hybridized with gDNA, the additional probe could start amplification. An indirect probe 

to recognize DNA or RNA. 

 

1.4. Objectives & significance of the study 

As mentioned above, we attempted the RHa-RCA would be applicable if the 

RCA reaction was able to proceed within a bacterial cell. The objectives of this study 

were, therefore: the development of a novel method to visualize mRNA specifically in 

bacterial cells, and the verification of the applicability of the method developed to 

visualize functional gene expression using a known microbial consortium. 

 Although conventional analysis using NGS has increased the accessibility of 

information on gene expression in microbial populations, the inability to pinpoint the 

origins of the transcripts and the use of population-averaged data limited the consortium 
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analysis to taxonomy-based estimation. Such estimation was insufficient to clarify "who 

is doing what?" Techniques for analyzing gene expression in microbial consortia by 

imaging, make it possible to perform a detailed analysis of individual microbes under 

original conditions (growth stage, environmental conditions, etc.) where they function. 

Such techniques would allow us to investigate how the functions of microbial consortia 

are achieved at the single-cell level, to analyze the mechanisms of unknown functions 

within it, and to efficiently search for conditions enabling fermentative production of new 

useful substances using microbial consortia. Furthermore, such techniques will contribute 

to the discovery of environmental conditions, nutrients, and microbial interactions 

necessary for the cultivation and isolation of unculturable microbes. 

 Consequently, this study will contribute to the expansion of available microbial 

and genetic resources by providing a technique for the detailed analysis of gene 

expression in microbial consortia and will also potentially lead to the construction and 

control of complex microbial systems. Therefore, this study is of great academic and 

social significance. 
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detection of mRNA in microbial cells 
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mRNA expression in microbial cells by fluorescence in situ hybridization using RNase 

H-assisted rolling circle amplification, Scientific Reports, 10, 9588 (2020). *: equally 

contributed. 
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2.1. Introduction 

Imaging technology is a powerful tool to spatiotemporally link NGS data and 

single cells and can potentially reveal gene expression in individual cells within a 

microbial consortium. However, the currently available techniques for mRNA detection 

in bacterial cells do not meet the requirements for convenience and specificity. 

 RNase H-assisted RCA (RHa-RCA, Figure 2-1) has been developed by 

applying the RCA method using PLP to specifically detect RNA [Takahashi et al. 2018]. 

In this method, a 70-mer PLP harboring 15-mer recognition sequences in both ends were 

hybridized to the target mRNA, following the circularization with SplintR® ligase. Then, 

RNase H specifically recognized mRNA-PLP hybrid sequence and digested hybridized 

mRNA, and φ29 DNA polymerase synthesized a long ssDNA (RCA product, RCP) from 

the 3′-end of the mRNA. Binding fluorophores (e.g., SYBR Green II) to RCPs, the signal 

from mRNA was specifically amplified and made detectable [Takahashi et al. 2018]. 

When PLP is hybridized to the complementary RNA strand, RNase H 

specifically digests the RNA hybridized by PLP and makes it a primer of the RCA reaction. 

Therefore, noise derived from gDNA-hybridized PLP does not occur (Figure 2-1) 

[Takahashi et al. 2018]. In addition, a PLP has a total of 30 mer in its recognition sequence, 

enabling recognition of short RNA molecules. Also, this method is relatively inexpensive 

because it requires only one PLP and one FISH probe for mRNA detection. Therefore, 

RHa-RCA was combined with FISH to develop RHa-RCA-FISH, a method for in situ 

bacterial mRNA detection. 

The detection targets of RHa-RCA-FISH were green fluorescent protein (GFP) 
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mRNA (for Escherichia coli) and red fluorescent protein from Discosoma sp. (DsRed) 

mRNA (for Brevibacillus choshinensis) because gene expressions are easily confirmed 

by fluorescence. 

 

 

Figure 2-1 Schematic overview of the detection principle of RHa-RCA. 

 

2.2. Materials and Methods 

2.2.1. PLPs and FISH probes 

Sequences of PLPs and FISH probes are shown in Table 2-1 and Table 2-2. 

PLPs were purchased from Eurofins Genomics, Inc. (Ebersberg, Germany). 

Fluorescently-labeled probes (FISH probes) were purchased from Japan Bio Services Co., 

LTD. (Saitama, Japan). 

 

Table 2-1 Sequences of PLPs for gfp mRNA and dsred mRNA. 

Name Sequence (5′→3′) 

PLP-GFP AGCCCTCAGGCATGGttccttttacgaCCTCAATGCTGCTG

CTGTACTACtcttcTGCGCTCCTGGATGT 

PLP-DsRed AGTCGCAGGTGTAGTGtttcttttactcCCTCAATGCACATG
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TTTGGCTCCtctttGTACACGGTCTTGA 

The underlined letters are mRNA recognition sequences, and italic letters are FISH probe 

sequences. 

 

Table 2-2 Sequences of FISH probes for gfp mRNA and dsred mRNA. 

Name Sequence (5′→3′) 

Alexa568-FISH probe Alexa568-CCTCAATGCTGCTGCTGTACTAC 

Alexa488-FISH probe Alexa488-CCTCAATGCACATGTTTGGCTCC 

Alexa568-FISH probe and Alexa488-FISH probe are specific to RCPs of PLP-GFP and 

PLP-DsRed, respectively. Sequences were from Larsson et al. [Larsson et al. 2004, 2010]. 

 

2.2.2. Plasmids and bacterial strains 

Bacterial strains and plasmids are shown in Table 2-3. E. coli BL21 (DE3) and 

pET21d were purchased from Novagen, Merck Millipore (Darmstadt, Germany). B. 

choshinensis HPD31-SP3, pNI-His, and pDsRed-Monomer vector were purchased from 

Takara Bio (Shiga, Japan). All plasmids were constructed using the cell-free cloning 

method [Takahashi et al. 2009]. 

 

Table 2-3 Bacterial strains and plasmids. 

Bacterial strains 

Plasmids 
Description 

Manufacturers 

References 
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E. coli BL21 

(DE3) 

F− ompT hsdS(rB− mB−) gal dcm 

(DE3) 

Novagen 

B. choshinensis 

HPD31-SP3 

Spore-related gene imp and 

protease gene emp are disrupted 

in B. choshinensis HPD31. 

[Mizukami et 

al. 2010] 

Takara Bio 

pET-21d 

Used as an expression vector of 

gfp in E. coli and for in vitro 

transcription of dsred, Ampr 

Novagen 

pNI-His 

An expression vector for 

Brevibacillus, His-tag fusioned, 

Nmr 

[Adachi et al. 

1989] 

Takara Bio 

pDsRed-

Monomer vector 

Holding dsred cassette Takara Bio 

pET-AcGFP 

gfp was inserted between the 

NcoI and NotI sites of pET21d. 

[Takahashi et 

al. 2010] 

pET-DsRed 

dsred was inserted between the 

NcoI and NotI sites of pET21d. 

This study 

pNI-DsRed 

dsred was inserted between the 

NcoI and NotI sites of pNI-His. 

This study 
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2.2.3. Media and cultivation of bacteria 

2.2.3.1. E. coli 

E. coli BL21 (DE3) was transformed with pET-AcGFP and grown in LB/amp 

medium (1% tryptone, 0.5% yeast extract, 1.0% NaCl, and 50 µg/mL ampicillin) in an L-

formed test tube for 14–16 h at 30°C with shaking at 140 rpm. The preculture (3 µL) was 

added to 3 mL of LB/amp medium and cultivated at 30°C with shaking at 140 rpm. The 

expression of gfp was induced by adding 15 µL of 100 mM isopropyl-beta-D-

thiogalactopyranoside (IPTG) when the OD660 was approximately 0.6. One hour after the 

start of induction, cells were collected in 1.5 mL tubes by centrifugation at 10,000 × g for 

2 min at 4°C. Non-induced cells were cultivated in LB/amp medium containing 2% 

glucose. Harvested cells were immediately resuspended in saturated ammonium sulfate 

(SAS) solution to inhibit degradation of RNA and stored at 4°C before use. 

 

2.2.3.2. B. choshinensis 

B. choshinensis HPD31-SP3 was transformed with pNI-DsRed and grown in 

2SYF/Nm medium (20.0 g/L fructose, 40.0 g/L Phytone Peptone (Becton, Dickinson, and 

Co., Franklin Lakes, NJ), 5.0 g/L Ehrlich bonito extract (Kyokuto Pharmaceutical 

Co.LTD, Tokyo, Japan), and 0.15 g/L CaCl2·2H2O, 50 μg/mL neomycin) in L-formed test 

tube for 12, 24, 48, or 72 h at 30°C with shaking at 220 rpm. The cells were harvested in 

1.5 mL microcentrifuge tubes by centrifugation at 10,000 × g for 2 min at 4°C. Harvested 

cells were resuspended in SAS and stored at 4°C before use. 
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2.2.4. in vitro transcription 

A plasmid was linearized by restriction enzyme digestion. in vitro transcription 

was performed using T7 RiboMAX™ Express Large Scale RNA Production System 

(Promega Madison, WI). Template DNAs were digested by RNase-free DNase I (New 

England BioLabs) treatment. The in vitro transcribed mRNA (IVT) was purified using a 

NucleoSpin® RNA Clean-up XS kit (Macherey-Nagel). The concentration of IVT was 

measured by Qubit® fluorometer and Qubit® RNA BR Assay Kit. The transcribed mRNA 

was stored at −80°C until use. 

 

2.2.5. Real-time RHa-RCA 

To check the detection sensitivity of PLP, real-time RHa-RCA was performed 

with IVT as a detection target according to Takahashi et al. [Takahashi et al. 2018]. The 

IVT was mixed with 250 fmol of PLP in 10 µL of hybridization mixture (1 µL of 

oligonucleotide annealing buffer (200 mM Tris-acetate (Tris-Ac) [pH 7.5], 500 mM 

potassium glutamate (KGlu), 5 mM ethylenediaminetetraacetic acid (EDTA)) and an 

appropriate amount of IVT), followed by incubation for 1 min at 95°C, 3 min at 45°C and 

10 min at 30°C. After hybridization, 10 µL of the ligation mixture (1 µL of Ligation buffer 

(200 mM Tris-Ac [pH 7.5], 500 mM KGlu, 200 mM Mg-acetate (MgAc)), 0.8 mM ATP, 

2 mM dithiothreitol (DTT), 25 units of SplintR® ligase (New England BioLabs, Ipswich, 

MA)) was added, and incubated for 10 min at 37°C to circularize the PLP. Finally, 20 µL 

of an RCA mixture (1.8 µL of buffer for SpRCA-1T (300 mM Tris-Ac [pH 7.5], 500 mM 

KGlu, 300 mM MgAc, 800 mM ammonium sulfate), 2 mM deoxynucleoside triphosphate 
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(dNTPs), 0.001 units of pyrophosphatase (New England BioLabs), 0.03 units of RNase 

H (BioAcademia, Osaka, Japan), 2× concentration of SYBR Green II (Invitrogen, 

Thermo Fischer Scientific, Waltham, MA, USA), and 200 ng of DNA-free φ29 DNA 

polymerase (Kanto Chemical, Tokyo, Japan)) were added, followed by incubation for 2 

h at 30°C to synthesize RCPs. For real-time detection, RHa-RCA reactions were 

performed in a 96-well PCR plate, and fluorescence signals were measured every 10 min 

for 2 h with the FAM filter (excitation wavelength: 482 nm, fluorescence wavelength: 

536 nm) of the Thermal Cycler Dice Real-Time System II (TP900, Takara Bio, Otsu, 

Shiga, Japan). All real-time RHa-RCA experiments were performed in triplicate, and 

solutions and mixtures were prepared in a bench-top clean room (KOACH 500F, Koken 

Ltd., Tokyo, Japan) [Takahashi et al. 2016] to prevent contamination. 

 

2.2.6. Cell fixation and permeabilization 

The cell density was adjusted to approximately OD660=1 by SAS, and cells were 

centrifuged at 20,000× g for 1 min at 4°C to remove SAS. Then, cells were fixed by 

resuspending with 300 µL of 4% paraformaldehyde (PFA) in phosphate buffer (Nacalai 

Tesque Inc., Kyoto, Japan) and incubating at room temperature for 15 min. Cells were 

centrifuged again to remove 4% PFA, resuspended with 70% ethanol, and incubated for 

1 h at room temperature for dehydration. After removing ethanol solution by 

centrifugation, cells were resuspended with lysozyme in 1× TE buffer to permeabilize the 

cell wall. Finally, lysozyme solution was removed by centrifugation and cells were 

washed twice with 1× phosphate-buffered saline (PBS; 137 mM NaCl, 8.1 mM Na2HPO4, 
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2.68 mM KCl, 1.47 mM KH2PO4, pH 7.4). 

 

2.2.7. RHa-RCA-FISH 

Pretreated cells were resuspended with an appropriate amount of dDW and 

transferred to a 0.2 mL tube. Next, 2 µL of oligonucleotide annealing buffer and 20 pmol 

PLP were added to the tube (final volume, 20 µL), and incubated for 1 min at 95°C, 

slowly cooled to 30°C, and incubated for 10 min at 30°C to hybridize the PLP. Then, 10 

µL of ligation mixture (1.25 µL of Ligation buffer, 1.2 mM ATP, 3 mM dithiothreitol 

(DTT), 25 units of SplintR® ligase (New England BioLabs, Ipswich, MA)) was added to 

the tube and incubated for 10 min at 37°C to circularize the PLP. In this study, the 

inactivation step of the ligase was omitted to shorten and simplify the procedure. This 

small change would not adversely affect the reaction because the sensitivity of detection 

was equal or rather high. Finally, 20 µL of RCA mixture (2.25 µL of buffer for SpRCA-

1T, 2 mM dNTPs, 0.004 units of pyrophosphatase (New England BioLabs), 0.06 units of 

RNase H (BioAcademia), and 500 ng of φ29 DNA polymerase (Kanto Chemical, Tokyo, 

Japan)) was added to the tube and incubated for 2 h at 30°C to synthesize RCPs. The RCA 

reaction was stopped by incubating for 10 min at 65°C. 

 After the reaction, cells were transferred to a 1.5 mL tube, centrifuged for 1 min 

at 20,000 × g at 4°C to remove the reaction solution, and washed with 1× PBS. Cells were 

transferred again to a 1.5 mL black tube, and FISH was carried out by incubating for 3 h 

at 37°C in 50 µL of FISH solution (100 pmol FISH probe-containing 2 × saline sodium 

citrate (SSC; 300 mM NaCl, 30 mM trisodium citrate, pH 7.0)). The cells were 
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centrifuged to remove the FISH solution, washed twice by incubating for 15 min at 37°C 

in 100 µL of 1×PBS. 

 

2.2.8. Imaging and analysis 

Samples were placed on 1% agarose pads containing 1× PBS. Images of each 

sample were taken on a fluorescence microscope (Nikon ECLIPSE E600 for E. coli and 

Nikon ECLIPSE Ti2-E for B. choshinensis, Nikon Corp., Tokyo, Japan) equipped with a 

phase-contrast objective CFI PlanApo DM 100× (Nikon Corp.) and an ORCA-Flash4.0 

V3 camera (Hamamatsu Co., Shizuoka, Japan). All phase contrast and fluorescence 

images were captured using an exposure time of 100 ms. The images were analyzed using 

ImageJ software (v 1.52a, NIH, Bethesda, MD). 

 

2.3. Results and discussion 

2.3.1. Design of RHa-RCA-FISH 

The schematic overview and workflow of RHa-RCA-FISH are shown in Figure 

2-2 and Figure 2-3. The cell pretreatment method which enabled in situ RHa-RCA 

reaction and FISH was developed to be suitable for liquid reaction with reference to 

previous FISH methods [Maruyama et al. 2005, Hoshino and Schramm 2010, Haroon et 

al. 2013, Schneider et al. 2017]. In this procedure, lysozyme was adopted for 

permeabilizing the bacterial cell wall. Although treatment with Triton X-100, which is 

also used to permeabilize the cell membrane in mammalian cells was tried, almost no cell 
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harboring fluorescent signal was detected [Schneider et al. 2017]. Therefore, it was 

important to permeabilize the cell wall of bacterial cells to enable the in situ reaction. 

 After performing in situ RHa-RCA, RCPs are synthesized in the cells. Since 

RCPs are constructed with the tandem repeats of a complemental sequence of PLP, they 

can specifically be detected by hybridizing FISH probes having the same sequence to 

PLP (Figure 2-2). Furthermore, the maximum number of repeats of the complemental 

sequence of PLP is 5,143 to 20,571 in the 2 h of RHa-RCA reaction, therefore, signals 

from the FISH probe are sufficiently detectable (at least 48 probes are required in smFISH 

to detect bacterial mRNA [Skinner et al. 2013]). 

In this method, all the steps from cell fixation to FISH can be completed in 

approximately 8 h (Figure 2-3). Since RCPs formed in the cells are stable at 4°C, the cells 

were stored at that temperature after the RHa-RCA reaction until the FISH step was 

performed the next day. 
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Figure 2-2 Schematic overview of RHa-RCA-FISH. 

 

 

Figure 2-3 Workflow of the RHa-RCA-FISH procedure and required time for mRNA 

detection. 

 

2.3.2. Developing RHa-RCA-FISH to Gram-negative model bacteria 

gfp-expressing E. coli was used as a target for the detection of mRNA by RHa-

RCA-FISH. pET-AcGFP was introduced into E. coli BL21(DE3) and cultured under 

conditions of induction (with IPTG) or non-induction (with glucose) of gfp expression. 

GFP fluorescence was obtained in the cells collected 2 h after the start of induction, while 
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there was no fluorescence in the non-induced cells. 

 After cell fixation, dehydration, and permeabilization with 7.5 µg of 

lysozyme/300 µL-reaction volume, RHa-RCA-FISH was applied to the E. coli cells. As 

a result, fluorescent signals from the RCP-hybridized Alexa568-labeled probe were 

detected from more than 80% of whole gfp-induced cells (Figure 2-4 B). On the other 

hand, no signal was obtained from non-induced cells (Figure 2-4 A). These results suggest 

that RHa-RCA-FISH was successfully applied to E. coli and specifically detected gfp 

mRNA in their cells. In addition, no non-specific signal was generated from cells having 

the gfp gene on the plasmid, indicating that the mRNA could be specifically detected 

without noise derived from DNA. 

 Also, as observed by smFISH [So et al. 2011, Skinner et al. 2013], the 

fluorescent signal formed a spot-like shape (Figure 2-4 C). Unfortunately, bacterial cells 

were too small to identify each RCP in the cell and determine the exact number of spots. 

Counting the number of spots in a microbial cell requires the use of super-resolution 

microscopy such as Stochastic Optical Reconstruction Microscopy (STORM) [Moffitt et 

al. 2016]. 
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Figure 2-4 in situ detection of gfp mRNA in E. coli cells by RHa-RCA-FISH. (A) 

Detection of gfp mRNA in non-induced cells and (B) in induced cells. Scale bar, 10 

μm. (C) Magnified image of the box. Scale bar, 5 μm. Overlays of the phase contrast 

(grayscale) and fluorescent signals from Alexa568-labeled probes (red) are shown. 

 

2.3.3. Application of RHa-RCA-FISH to Gram-positive model bacteria 

To apply RHa-RCA-FISH to Gram-positive bacteria, DsRed was expressed in 

B. choshinensis HPD31-SP3 and targeted dsred mRNA for in situ detection. In this 

experiment, dsred is driven by the native P2 promoter and expressed during the cell wall 

synthesis. When cells were cultured for 12 to 72 h and observed by fluorescence 

microscopy, the number of cells emitting fluorescence of DsRed protein gradually 

increased with the cultivation time (Figure 2-5, upper images). 

 By performing RHa-RCA-FISH using the same protocol as that built-in E. coli, 

the signal of the Alexa488-labeled probe was obtained from the B. choshinensis cells in 

all samples (Figure 2-5, lower images). It indicated that the same experimental conditions 
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can also be applied to B. choshinensis, a Gram-positive bacterium, as to E. coli, a Gram-

negative bacterium. On the other hand, similar signals were detected in all cells in the 

detection of gfp mRNA in E. coli, but in B. choshinensis, the number of cells with signals 

varied between time and even among individual cells (Figure 2-5, magnified images). 

This may be because the timing of expression differs among cells due to relatively slow 

dsred induction. Since there is no significant difference in signal intensity among gfp-

induced E. coli cells, whose gene expressions were expected to occur almost at the same 

time, the difference in signal intensity among cells observed in the B. choshinensis is not 

considered to have occurred because of using this technique. Therefore, the results 

obtained by RHa-RCA-FISH can reflect the differences in gene expression levels among 

the cells in the sample. However, some risks remained; prominent among them being that 

leakage of mRNA from the cell may affect the quantitative value of the gene expression 

levels, due to the improved cell permeability. Therefore, the quantitative value of bacterial 

mRNA detection by RHa-RCA-FISH would need to be evaluated future studies using 

cells large enough to count RCPs in the cell. 
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Figure 2-5 in situ detection of dsred mRNA in B. choshinensis cells by RHa-RCA-

FISH. Upper images show fluorescence of DsRed protein expressed in B. 

choshinensis; middle images show the signal of detection probes using FISH; lower 

images show the magnified images of boxes in middle images. The cells in the upper 

and middle images are from different samples because the DsRed protein is 

denatured by the heating step of the PLP hybridization. Overlays of the phase 

contrast (grayscale), DsRed protein (red), and fluorescent signals of Alexa488-

labeled probes (green) are shown. Scale bar, 10 μm. 

 

2.3.4. Simultaneous detection of mRNA within two bacterial species expressing different 

genes 

To investigate whether RHa-RCA-FISH can specifically detect gene expression 
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in mixed samples of different bacteria, gfp-expressing E. coli and dsred-expressing B. 

choshinensis were mixed and RHa-RCA-FISH was performed with both PLPs in one 

reaction. As a result, signals from Alexa568- and Alexa488-labeled probes were obtained 

from different cells (Figure 2-6). This result indicates that RHa-RCA-FISH can 

specifically and simultaneously detect gene expression in different bacteria. 

 

 

Figure 2-6 Simultaneous detection of gfp mRNA and dsred mRNA in a mixture of 

E. coli and B. choshinensis cells. An overlay of the phase contrast (grayscale) and 

fluorescent signals of Alexa568-labeled probes (red) from gfp mRNA and Alexa488-

labeled probes (green) from dsred mRNA are shown. Scale bar, 10 μm. 

 

 Simultaneous visualization of the expression of a large number of genes has 

been done by in situ sequencing, in which multiple mRNA species are detected by 
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repeated stripping and hybridization of fluorescent probes. For example, par-seq FISH (a 

method based on direct hybridization of probe) has been applied to bacteria [Dar et al. 

2021], and HybRISS (a method based on RCA) has been applied to mammalian cells [Lee 

et al. 2020]. Therefore, it would be also possible to visualize the expression of multiple 

genes in a single cell in the same way in RHa-RCA-FISH. In this case, the size of RCPs 

formed in the cells by the 2 h-reaction may affect the resolution of fluorescence 

microscopy. By adjusting the reaction time and observing with a high-resolution 

microscope and high-resolution camera, it would be possible to identify even if a large 

number of RCPs are formed in the cell. The use of such instruments that allow detailed 

analysis and the modification of the reaction will expand the possibilities of 

understanding microbial functions using this method. 

 

2.4. Conclusion 

In this chapter, the successful development of a direct detection method of 

bacterial mRNA, RHa-RCA-FISH by applying RHa-RCA to bacterial cells using model 

bacteria, was described (Figure 2-2). Using this method, target mRNA can specifically be 

recognized and detected in bacterial cells which contain genomic DNA, plasmid DNA, 

and cytoplasmic components, and do not generate non-specific signals from DNA. 

 In addition to being able to apply this method to both Gram-negative and Gram-

positive bacteria, it was also possible to discriminate the expression of different genes in 

different bacteria within one reaction. Therefore, RHa-RCA-FISH may be applicable to 
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the analysis of samples of a mixture of microbes like a microbial consortium. However, 

since such samples contain impurities other than bacterial cells, unlike the liquid culture 

of model bacteria, optimization of the cell recovery method and pretreatment conditions 

before the reaction will be important. 

 RHa-RCA-FISH will help in more accurate prokaryotic consortium analysis by 

combining metatranscriptomic data with imaging technology. By using this technique for 

microbial consortium analysis, metatranscriptomic data will be magnified to the single-

cell level, enabling higher resolution analysis of microbial functions and their interactions. 
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Chapter 3. Validation of applicability of RHa-RCA-FISH 

to microbial consortium analysis using lactic acid bacteria 

in yogurt 
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3.1. Introduction 

In Chapter 2, a description of the development of in situ bacterial mRNA 

detection method RHa-RCA-FISH using model bacteria was provided, and it was 

mentioned that the method can be applied for the detection of, Gram-negative E. coli and 

Gram-positive B. choshinensis. However, unlike mRNA artificially expressed in model 

bacteria, the native gene expression of bacteria is expected to occur heterogeneously in 

microbes in the microbial consortium and the amount of mRNA in a cell is expected to 

be low. Therefore, we aimed to apply RHa-RCA-FISH to lactic acid bacteria (LAB) in 

yogurt to verify whether the native gene expression of bacteria can be visualized. 

 Yogurt is produced by the fermentation of milk by two species of lactic acid 

bacteria Streptococcus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus (L. 

bulgaricus) [Sieuwerts et al. 2010]. During the process of lactic acid fermentation, S. 

thermophilus and L. bulgaricus form a simple consortium. Because of the different shapes 

of these LAB species, they can be easily identified by microscopic observation, and 

transcriptome analysis has already been conducted. Furthermore, since they were grown 

in milk containing various impurities rather than in artificial media (e.g., LB medium), 

they were ideal models for validating the applicability of RHa-RCA-FISH to microbial 

consortium analysis. 

 The addition of glass beads [Sauliner et al. 2007, Sieuwerts et al. 2010] and 

hard vortex [Sauliner et al. 2007, Sieuwerts et al. 2010, Zheng et al. 2016] were performed 

for extraction of RNA from lactic acid bacteria. Therefore, the cell wall of lactic acid 

bacteria may be tougher than that of B. choshinensis, which was used as a model of Gram-
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positive bacteria in the process described in Chapter 2. Therefore, in this chapter, we 

reinvestigate the appropriate amount of lysozyme for cell permeabilization of each 

species of LAB. 

 

3.2. Materials and Methods 

3.2.1. PLPs and FISH probes 

The sequences of PLP and FISH probe are shown in Table 3-1 and Table 3-2, 

respectively. Since the genome sequence of S. thermophilus strain 1131 was not available, 

the sequence of pyruvate-formate lyase activating enzyme gene (pflA) of five S. 

thermophilus species were aligned and PLP-pflA were designed to the sequence without 

single nucleotide polymorphism (SNP). 

 

Table 3-1 Sequences of PLPs for pflA mRNA and ldhD1 mRNA. 

Name Sequence (5′→3′) 

PLP-pflA 

TGTTGTTCGGGGTCAttccttttacagCCTCAATGCTGCTGCTGT

ACTACtcttcCGGGTCACAAACTTG 

PLP-ldhD1#1 

TCAAGTGAGTCTACGttcattttacagCCTCAATGCACATGTTTG

GCTCCtcttaTGCTTGTACAGGTCG 

PLP-ldhD1#2 
CCATGATTTGCATGAttccttttacagCCTCAATGCACATGTTTG

GCTCCtcttcTAGCGCCGAAGCCTT 

PLP-ldhD1#3 CAACTTGGTCGCGAAttcattttacagCCTCAATGCACATGTTTG
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GCTCCtcttcTACCTATAACACCAA 

The underlined letters are mRNA recognition sequences, and italic letters are FISH probe 

sequences. 

 

Table 3-2 Sequence of FISH probe for ldhD1 mRNA. 

Name Sequence (5′→3′) 

Alexa568-FISH probe-2 Alexa568-CCTCAATGCACATGTTTGGCTCC 

The fluorophore of Alexa488-FISH probe mentioned in Chapter 2 was changed to 

Alexa568 in the Alexa568-FISH probe-2. Alexa568-FISH probe (see Chapter 2) was used 

for PLP-pflA and Alexa568-FISH probe-2 was used for PLP-ldhD1. 

 

3.2.2. Plasmids 

The PCR products of pflA and ldhD1 were obtained by PCR performed using 

primer sets shown in Table 3-3. pET-pflA and pET-ldhD1 were constructed by inserting 

pflA and ldhD1 into the NcoI and NotI sites of pET32a (Novagen). 

 

Table 3-3 Sequences of PCR primers for pflA and ldhD1. 

Name Sequence (5′→3′) 

pflA_F_NcoI GAGAGAccatggCAGAAATTGATTACAGTCAG 

pflA_R_NotI GAGAgcggccgcTTAATCCAAGGTTTTAACNCCGATA 

ldhD1_F_NcoI GAGAGccatggCTAAAATTTTTGCTTACGCA 
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ldhD1_R_NotI GAGAgcggccgcTTAGCCAACCTTAACTGGAGTTTCA 

Lowercase letters are recognition sequences of NcoI and NotI, underlined letters are 

homologous sequences to ldhD1. 

 

3.2.3. Fermentation of yogurt 

LAB cells were fermented in milk and collected at three time points (3.5, 5.5, 

and 8.0 h), which were the first exponential phase, transition phase, and second 

exponential phase of LAB growth, respectively, according to Sieuwerts et al. and chosen 

to compare our results with transcriptome data [Sieuwerts et al. 2010]. The schematic 

representation of the LAB fermentation and collection is shown in Figure 3-1. A starter 

of a mixed culture of L. bulgaricus 2038 and S. thermophilus 1131 was purchased as 

commercial drinkable yogurt (Meiji Bulgaria yogurt, Meiji Holdings Co., Ltd., Tokyo, 

Japan) and fermented in sterilized non-fat milk (Takanashi Milk Products Co., Ltd., 

Kanagawa, Japan). First, 10 mL of milk was prewarmed at 42°C in a 50-mL conical tube 

before fermentation, followed by inoculation of 100 µL of yogurt and incubated for 3.5 

h, 5.5 h, and 8.0 h at 42°C without shaking. Then, 20 mL of RNAprotect™ Bacteria 

Reagent (RBR) (Qiagen, Hilden, Germany) was added to cultures and mixed by vortex 

to disperse aggregated proteins in the yogurt and incubated for 5 min at room temperature 

to stabilize the RNA. Finally, the LAB cells were collected by centrifugation at 10,000 × 

g for 10 min at 25°C, and the cell pellets were resuspended in SAS and stored at 4°C until 

use. 
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Figure 3-1 Schematic overview of fermentation and collection procedure of LAB 

cells. 

 

3.2.4. Extraction of genomic DNA from LAB cells 

First, 8.0-h fermented LAB cells were resuspended in 500 µL of cell 

resuspension buffer (10 mM Tris-Cl [pH 7.5], 0.15 M NaCl, 0.1 M EDTA), and 10 µL of 

20 mg/mL lysozyme was added to the solution, followed by incubation at 37°C for 20 

min. Next, 67.5 µL of cell lysis buffer (0.5 M Tris-Cl [pH 7.5], 5% sodium dodecyl 

sulfate) was added to the solution, and 100 µg proteinase K was added to the solution. 

The genomic DNA was extracted from the solution by the phenol-chloroform method and 

purified by treatment with RNase A and ethanol precipitation. The concentration of the 

genomic DNA was determined using a Qubit® fluorometer with Qubit® dsDNA BR Assay 

Kit (Invitrogen/Thermo Fischer Scientific, Waltham, MA), and DNA degradation was 

checked by agarose gel electrophoresis (1%, TAE buffer). 

 

3.2.5. Pretreatment procedure 

The pretreatment procedure was almost the same as that described in Chapter 

2. In the cell permeabilization step, the amount of lysozyme added per reaction was 
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changed to 7.5, 100, and 1000 µg. 

 

3.2.6. RHa-RCA-FISH 

in situ mRNA detection of LAB using RHa-RCA-FISH was performed as 

described in Chapter 2. 

 

3.2.7. Imaging and analysis 

The sample preparation, observation, and analysis were performed as described 

in Chapter 2. All microscopic images were captured using a fluorescence microscope 

Nikon ECLIPSE Ti2-E (Nikon). 

 

3.3. Results and discussion 

3.3.1. Detection sensitivity checks of designed PLPs 

Before the application of RHa-RCA-FISH to LAB, the detection sensitivities 

of the target mRNAs of the designed PLPs were evaluated by performing real-time RHa-

RCA on IVT and comparing the amplification plots. The results showed that all PLPs 

detected the target IVTs and did not emit non-specific signals from non-target RNAs 

(Figure 3-2). PLP-pflA and PLP-ldhD1#1 showed comparable amplification plots and 

final fluorescence values, while that of PLP-ldhD1#2 and #3 were relatively low. 

Therefore, PLP-pflA and PLP-ldhD1#1 were used for RHa-RCA-FISH. 
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Figure 3-2 PLP detection sensitivity check. (a) Amplification plots of real-time RHa-

RCA using IVT pflA and PLP-pflA. (b-d) Amplification plots of real-time RHa-RCA 

using IVT ldhD1 and PLP-ldhD1#1 to #3, respectively. As a negative control, 80 ng 

of non-target IVT (IVT ldhD1 for PLP-pflA and IVT pflA for PLP-ldhD1) was used 

for each PLP. 

 

 In the RHa-RCA procedure, mRNA is primerized with RNase H, therefore, 

PLPs can be designed for all mRNA sequences, and not be limited to the terminal 

sequence. However, it has been found that there is a difference in their detection 
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sensitivity (Figure 3-2), which may be caused by the difference in hybridization and 

ligation efficiency of PLPs [Takahashi et al. 2018]. Schneider et al. suggested that the 

nucleotide pairing of the 5′- and 3′-ends of PLP, the secondary structure of mRNA and 

mRNA binding protein can affect the ligation efficiency [Schneider et al. 2017]. If the 

full-length sequence data of the target mRNA is obtained, the secondary structure can be 

calculated in silico [Rouskin et al. 2014]. However, since the RNA-seq data is fragmented, 

and genomic data lack the information of 5′- and 3′-untranslated regions of mRNA, it is 

difficult to accurately predict the secondary structure. Therefore, the accumulation of such 

information will make the design of optimal PLPs for detecting target mRNAs more 

accurate and enhance the applicability of this method to various samples. 

 

3.3.2. Efficient collection of LAB cells from yogurt 

Collecting LAB cells from yogurt containing milk-derived proteins, casein, and 

other solid impurities was an important step in applying RHa-RCA-FISH to LAB. Indeed, 

inadequate separation of LAB cells from impurities prevented mRNA detection by RHa-

RCA-FISH. Under the culture conditions used in this study, the state of the culture 

medium (yogurt) was liquid at 3.5 h, semi-liquid at 5.5 h, and solid at 8.0 h. At 3.5 h, the 

culture medium was almost liquid, therefore, LAB cells could be separated from 

impurities to some extent by centrifugation alone. However, at later incubation times (5.5 

h and 8.0 h), solid impurities increased, and LAB cells could not be separated. 

 When RNAprotect® Bacteria Reagent (RBR) was added to the yogurt, the solid 

impurities in 8.0 h-fermented yogurt were almost completely dispersed, and LAB cells 
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were easily obtained by subsequent centrifugation (Figure 3-3). This could be because 

the surfactant contained in RBR successfully dispersed the proteins. 

 

 

Figure 3-3 LAB cell collection by RBR treatment. Microscopic images of collected 

LAB cells from 8.0 h-fermented yogurt with (left) and without (right) RBR treatment 

are shown. LAB cells were stained by DAPI. Coccoid cells are S. thermophilus and 

rod-shaped cells are L. bulgaricus. The yellow arrow in the image of RBR treatment 

(-) indicates aggregated impurities. Overlays of the phase contrast (grayscale) and 

fluorescent signal of DAPI (cyan) are shown. Scale Bar, 10 µm. 

 

 Even though many methods have been developed to harvest LAB cells from 

yogurt, they mostly involve removing impurities. Such methods include detergent 

treatment [Gunasekera et al. 2000, 2002], enzymatic treatment [Gunasekera et al. 2000, 

2002], pH adjustment [Sieuwerts et al. 2010], etc., which are labor- and time-consuming. 
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Here, we used a simple method using RBR to recover LAB cells much more efficiently. 

Several previous reports of transcriptomic analysis of LAB combined the use of RBR to 

prevent RNA degradation [Smeianov et al. 2007, Macklaim et al. 2013, Bisanz et al. 

2014]. In this study, it was found that the use of RBR facilitates the collection of LAB 

cells from well-fermented yogurt. This method will simplify the procedure of LAB cell 

collection and facilitate the advancement of the morphological study and transcriptomic 

analysis of LAB. 

 

3.3.3. Investigation of cell permeabilization conditions in S. thermophilus 

Cell permeabilization was performed by adding 7.5, 100, and 1000 µg of 

lysozyme to 3.5 h-fermented LAB cells. RHa-RCA-FISH was performed targeting pflA 

mRNA. In the experiment conducted using 1000 µg-lysozyme, the signal from Alexa568-

labeled probes was specifically detected from inside S. thermophilus cells (Figure 3-4, 

right and magnified images a-c). On the other hand, no signal was obtained from cells 

treated with 7.5 and 100 µg lysozyme (Figure 3-4, left and middle images). Therefore, 

1000 µg of lysozyme per reaction was used for cell permeabilization of S. thermophilus 

for the subsequent experiments. 
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Figure 3-4 Investigation of the amount of lysozyme for permeabilizing S. 

thermophilus cells. pflA mRNA-targeted RHa-RCA-FISH was performed to 3.5 h-

fermented LAB cells treated with 7.5, 100 and 1000 µg-lysozyme. “a” to “c” are 

magnified images of box in the image of cells treated with 1000 µg-lysozyme. 

Overlays of the phase contrast (grayscale) and fluorescent signals from Alexa568-

labeled probes (red) are shown. Scale bars, 10 µm in large images and 5 µm in 

magnified images. 

 

3.3.4. Visualization of pflA expression in S. thermophilus 

The change in expression of pflA over the culture period was examined by 

microarray; highly expressed in the early stage of culture and then decreased under 

coculture conditions of two LAB species [Sieuwerts et al. 2010]. 

RHa-RCA-FISH was performed under the determined cell permeabilization 

conditions and visualized the temporal transition of expression of pflA in S. thermophilus. 

LAB cells were obtained from yogurt fermented for 3.5, 5.5 and 8.0 h, and RCPs formed 

from pflA mRNA were detected by Alexa568-labeled probe. 
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As a result, the number of S. thermophilus cells for which the Alexa568 

fluorescence signal was detected differed between the three points of culture (Figure 3-5). 

Coccoid S. thermophilus cells with specific fluorescence signals were observed in LAB 

cells cultured for 3.5 and 5.5 h (Figure 3-5, left and middle images), but not in 8.0 h-

cultured cells (Figure 3-5, right image). Sieuwerts et al. used mixed-culture of pure 

cultures of two LAB species as a starter of fermentation [Sieuwerts et al. 2010], which is 

different from the culture conditions of this study that used commercial yogurt. However, 

the pattern of variation in the number of S. thermophilus cells in which pflA expression 

was detected over time was roughly consistent with the previous report [Sieuerts et al. 

2010]. These results indicate that RHa-RCA-FISH can be used to visualize gene 

expression in S. thermophilus. 
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Figure 3-5 Time-course visualization of pflA expression in S. thermophilus. Overlays 

of the phase contrast (grayscale) and fluorescent signals from Alexa568-labeled 

probes (red) are shown in “merged”, and pre-merged images are shown in 

“Alexa568”. Magnified images of boxes are inserted in upper right of merged 

images. Scale bars, 10 µm in large images and 5 µm in magnified images. 

 

3.3.5. Investigation of cell permeabilization conditions in L. bulgaricus 

Using LAB cultured for 5.5 h, RHa-RCA-FISH was performed after cell 

permeabilization treatment with 7.5, 100, and 1000 µg of lysozyme. RHa-RCA-FISH was 

performed targeting ldhD1 mRNA. 

When treated with 100 µg of lysozyme, the signal of Alexa568 was specifically 

detected from within the cells of L. bulgaricus (Figure 3-6, middle image). On the other 
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hand, the signal was weak or undetectable in cells treated with 7.5 or 1000 µg of lysozyme 

(Figure 3-6, left and right images). Therefore, 100 µg of lysozyme per reaction was used 

for cell permeabilization of L. bulgaricus. 

 

 

Figure 3-6 Investigation of the amount of lysozyme for permeabilizing L. bulgaricus 

cells. ldhD1 mRNA-targeted RHa-RCA-FISH was performed on 5.5 h-fermented 

LAB cells treated with 7.5, 100 and 1000 µg-lysozyme. Overlays of the phase 

contrast (grayscale) and fluorescent signals from Alexa568-labeled probes (red) are 

shown. Scale bar, 10 µm. 

 

3.3.6. Visualization of ldhD1 expression in L. bulgaricus 

As in the pflA mRNA detection, RHa-RCA-FISH was performed to form RCPs 

from L. bulgaricus ldhD1 mRNA. Since green autofluorescence was observed from small 

particles of residual impurities in collected LAB samples in preliminary tests, a new 

Alexa568-labeled probe was used to detect RCPs specifically (Table 3-2). ldhD1, which 

was selected as a target for detection, was found to be constantly expressed in 



 52 

monoculture of L. bulgaricus by RNA-seq [Zheng et al 2016]. 

 As a result, the fluorescence signal of Alexa568 was detected from the L. 

bulgaricus cells in all three points of the fermentation (Figure 3-7). The signal was 

detected from almost all L. bulgaricus cells, and some of them had multiple strong signals. 

These results indicate that RHa-RCA-FISH can be used to visualize gene expression in 

L. bulgaricus. 

 

 

Figure 3-7 Time-course visualization of ldhD1 expression in L. bulgaricus. Overlays 

of the phase contrast (grayscale) and fluorescent signals from Alexa568-labeled 

probes (red) are shown in “merged”, and pre-merged images are shown in 

“Alexa568”. Scale bar, 10 µm. 
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 Unlike the spot-like signals observed in experiments involving E. coli and B. 

choshinensis, the signals obtained from L. bulgaricus cells were spread over the entire 

cell (Figure 3-7), which may be caused by the different recovery methods of LAB cells. 

E. coli and B. choshinensis were recovered by centrifugation alone, while RBR was used 

to remove impurities before the recovery of LAB (Figure 3-1). It is likely that the 

surfactant in the RBR increases the fluidity of the bacterial cell membrane, thereby aiding 

the penetration of the reagent into the cell [Glover et al. 1999]. The change in the state of 

the RNA or cytoplasmic components caused by this may have affected the packaging of 

the RCPs and caused them to take a relaxed form, resulting in non-convergence of the 

fluorescence signal. 

 

3.4. Conclusion 

This chapter describes the successful detection of known temporal gene 

expression of LAB cells collected from yogurt by performing RHa-RCA-FISH, 

demonstrating that this method can be applied to visualize the native gene expression of 

bacteria. Furthermore, gene expression was specifically detected in cells of each bacterial 

species (S. thermophilus and L. bulgaricus), even in mixed cultures. Also, the cells with 

the signals were not necessarily all cells, and the intensity of the signals varied from cell 

to cell even in the same sample. Therefore, this method can visualize gene expression in 

microbial consortia and can be used to study bacterial functions at the single-cell level. 

 In Chapter 2, Gram-negative bacteria (E. coli) and Gram-positive bacteria (B. 
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choshinensis) were treated with the same cell permeabilization conditions (7.5 µg-

lysozyme/react) and were able to perform RHa-RCA-FISH. However, the same 

conditions could not be applied to LAB, which are also Gram-positive bacteria, and it 

was found that the cell permeabilization conditions described in Chapter 2 were not 

universal. Since previous reports have used relatively severe conditions for cell lysis in 

RNA extraction from LAB, the amount of lysozyme added was modified to permeabilize 

the tougher cell wall. Then, the conditions for successful detection were different even 

among the two species of LAB. Therefore, when this method is applied to more complex 

microbial consortia, it is hypothesized that searching for the optimal cell permeabilization 

conditions according to each sample or targeted bacterial species is key to detection. 

 If the taxonomic information of the constituent organisms is predictable, it may 

be possible to obtain information to predict the conditions necessary for the optimization 

of the pretreatment method, but it may be difficult for samples containing unknown or 

unculturable microbes. In such a case, a positive control may be necessary to examine the 

conditions for cell permeabilization. The universal probe for bacterial FISH that is 

commonly used in 16S rRNA-targeted oligo-FISH is designed for the conserved region 

of rRNA [Amann et al. 1990, Daims et al. 1999]. Therefore, by designing a universal PLP 

for the conserved region of 16S rRNA, it will be relatively easy to search for the optimal 

pretreatment method conditions. 

 Furthermore, to separate LAB from yogurt, it was necessary to break the 

original state in which they were growing. Therefore, the positions of individual bacterial 

cells became unclear, and the symbiotic relationship between the two species could not 
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be visualized by RHa-RCA-FISH. Reports of visualization of bacterial 16S rRNA with 

oligo-FISH in a variety of environmental samples have allowed conserving positional 

relationships between organisms [Badstöber et al. 2020, Dou et al. 2017, Prudent et al. 

2018, Lukumbuzya et al. 2019, Sekiguchi et al. 1999, Dige et al. 2007, Cardinale et al. 

2018, Wada et al. 2016]. Using such pretreatment methods before RHa-RCA-FISH will 

allow us to visualize bacterial interactions gene expression specifically. These findings 

are important for the application of RHa-RCA-FISH to samples containing several 

bacterial species and will be useful for the functional analysis of environmental microbial 

consortia. 
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Chapter 4. Conclusions 

______________________________________________________________________ 
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Metatranscriptomic analysis can provide evidence to understand the function 

of complex microbial consortia at the taxonomic group level, however this bulk analysis 

technique hides the origins of each mRNA molecule. Therefore, an imaging technique is 

helpful to learn the role of each microbial cell and is required for the manipulation at the 

single-cell level. On the other hand, signal amplification is required to visualize mRNA 

due to its low intracellular abundance, however previous imaging techniques still have 

problems with specificity and simplicity. Therefore, in this study, a novel imaging 

technique specific to mRNA molecule within a bacterial cell was developed in order to 

label the cells that play a specific function within a microbial consortium at the single-

cell level using metatranscriptomic data. 

 In Chapter 2, RNase H-assisted RCA which is an mRNA-direct detection 

reaction was employed to discriminate mRNA molecule from DNA and combined with 

FISH, thereby establishing a novel imaging technique specific to mRNA molecule within 

a bacterial cell, named RHa-RCA-FISH. As in the model experiments, both inducible 

genes and native expressing genes were integrated into the expression vector, and the 

target mRNAs were specifically visualized depending on the induction or native growth 

phase within almost all cells. From the results, the author concluded that a new microbial 

mRNA-specific visualization technique was successfully developed. 

In Chapter 3, RHa-RCA-FISH was applied to simple syntrophism in yogurt to 

check whether the known gene expression could be visualized in both lactic acid bacteria 

to verify the functions in the consortium. From the results, bacterial cells expressing the 

target mRNA were specifically visualized, and the imaging of gene expression reflected 
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the previous transcriptome data. Therefore, it was verified that this method can be applied 

to the detection of bacterial native gene expression and that specific detection is possible 

even in mixed cultures. 

This study allows us to analyze microbial function at the single-cell level and 

to take a snapshot of the true players in a functioning microbial consortium. This made it 

possible to compensate for the lack of metatranscriptomic analysis and to reveal microbial 

interactions clearly on an individual cell. Accumulation of experimentally supported 

knowledge of microbial interactions will lead to more accurate estimates of the functions 

of complex microbial consortia than previously possible. This provides important 

information not only for the analysis of environmental microbial consortia but also for 

the isolation and cultivation of unculturable bacteria. Therefore, this study will facilitate 

the detailed analysis of microbial interactions in complex microbial systems, supporting 

the research of complex microbial communities and advancing the research of 

environmental microbial consortia, which are a treasure trove of unknown functions. 

Based on the results and significance, this study is expected to contribute to the 

advancement of the study of unknown or unculturable microbes and genetic resources. 

Thus, this study has both academic and industrial significances. 

 

4.1. Broader application and prospects 

Recently, synthetic gut microbial ecosystems have been used as a good model 

to understand human gut microbiota [Vrancken et al. 2019]. Identifying the exact players 
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in the function of the original microbiota will lead to the construction of a more authentic 

model flora and progress in research. Spatial analysis of the gut microbiota using various 

imaging techniques has also been performed to analyze the relationship between 

biogeography and health [Tropini et al. 2017]. The analysis of the production of bioactive 

substances and the response of various compounds of the gut microbiome using gene-

expression specific imaging methods will provide new insights into the regulation of gut 

microbiota that cannot be obtained by conventional taxonomic or genomic level analysis 

and may contribute to the development of tailor-made functional foods and drug 

discovery in the future. 

 Complex microbial systems are also expected to be used for the production of 

useful substances from wastes. The mixed culture containing alginate hydrolytic bacteria 

and methanogens degraded alginate and produced methane, but the percentage of 

alginate-degrading bacteria was expected to be low, and multiple analyses did not identify 

the responsible bacteria [Zhang et al. 2019]. RHa-RCA-FISH, in such a case, may provide 

strategies for controlling the population in a consortium as well as identification of mainly 

functioning alginate-degrading bacteria. 

 Furthermore, fluorescently labeled cells can be manipulated by fluorescent 

activating cell sorting (FACS). In fact, several studies have already reported the collection 

of specific bacterial cells from mixed samples using FACS combined with FISH-based 

methods [Batani et al. 2019, Neuenschwander et al. 2015]. When exploring novel 

antibiotics to address the recent antimicrobial resistance crisis, unculturable bacteria 

would be investigated. In such a case, metagenomic analysis will provide the partial 
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sequences of the antibiotic biosynthesis gene cluster. Using the sequence data for the PLP 

of RHa-RCA-FISH, it may be possible to obtain the specific bacterium by FACS and the 

whole genome sequence by whole genome amplification (WGA) and sequencing [Detter 

et al. 2002]. 

  



 61 

 

 

 

 

 

 

 

 

References 

______________________________________________________________________ 

  



 62 

Ackermann M, A functional perspective on phenotypic heterogeneity in microorganisms, 

Nature Reviews, 13(8), 497-508 (2015). 

Adachi T, Yamagata H, Tsukagoshi N, Udaka S, Multiple and tandemly arranged 

promoters of the cell wall protein gene operon in Bacillus brevis 47, Journal of 

Bacteriology, 171, 1010-1016 (1989). 

Amann RI, Binder BJ, Olson RJ, Chisholm SW, Devereux R, Stahl DA, Combination of 

16S rRNA-targeted oligonucleotide probes with flow cytometry for analyzing mixed 

microbial populations, Applied and Environmental Microbiology, 56(6), 1919-1925 

(1990). 

Amann RI, Ludwig W, Schleifer KH, Phylogenetic identification and in situ detection of 

individual microbial cells without cultivation. Microbiol Reviews, 59, 143-169 (1995). 

Amin SA, Hmelo LR, van Tol HM, Durham BP, Carlson LT, Heal KR, Morales RL, 

Berthiaume CT, Parker MS, Djunaedi B, Ingalls AE, Parsek MR, Moran MA, 

Armbrust EV, Interaction and signalling between a cosmopolitan phytoplankton and 

associated bacteria, Nature, 522(7554), 98-101 (2015). 

Badstöber J, Gachon CMM, Ludwig‐Müller J, Sandbichler AM, Neuhauser S, 

Demystifying biotrophs: FISHing for mRNAs to decipher plant and algal pathogen–

host interaction at the single cell level, Scientific Reports, 10, 14269 (2020). 

Batani G, Bayer K, Böge J, Hentschel U, Thomas T, Fluorescence in situ hybridization 

(FISH) and cell sorting of living bacteria, Scientific Reports, 9, 18618 (2019). 



 63 

Battich N, Stoeger T, Pelkmans L, Image-based transcriptomics in thousands of single 

human cells at single-molecule resolution, Nature Methods, 10(11), 1127-33 (2013). 

Bashiardes S, Zilberman-schapira G, Elinav E, Use of Metatranscriptomics in 

Microbiome Research, Bioinformatics and Biology Insights, 10, 19–25 (2016). 

Blattman SB, Jiang W, Oikonomou P, Tavazoie S, Prokaryotic single-cell RNA 

sequencing by in situ combinatorial indexing, Nature Microbiology, 5(10), 1192–

1201 (2020). 

Biebl H and Pfennig N, Growth yields of green sulfur bacteria in mixed cultures with 

sulfur and sulfate reducing bacteria, Archives of Microbiology, 117, 9–16 (1978). 

Bisanz J, Macklaim JM, Gloor GB, Reid G, Bacterial metatranscriptome analysis of a 

probiotic yogurt using an RNA-Seq approach, International Dairy Journal, 39(2), 

284–292 (2014). 

Bodelier PLE, Meima-Franke M, Hordijk CA, Steenbergh AK, Hefting MM, Bodrossy 

L, von Bergen M, Seifert J, Microbial minorities modulate methane consumption 

through niche partitioning. The ISME Journal, 7, 2214–2228 (2013). 

Bomar L, Maltz M, Colston S, Graf J, Directed Culturing of Microorganisms Using 

Metatranscriptomics, mBio, 2(2), e00012-11 (2011). 

Cao X, Yu H, Xue J, Bai M, Zhao Y, Li Y, Zhao Y, Chen F, RNA-Primed Amplification 

for Noise-Suppressed Visualization of Single-Cell Splice Variants, Analytical 



 64 

Chemistry, 92(13), 9356-9361 (2020). 

Cardinale M, Luvisi A, Meyer JB, Sabella E, De Bellis L, Cruz AC, Ampatzidis Y, 

Cherubini P, Specific Fluorescence in Situ Hybridization (FISH) Test to Highlight 

Colonization of Xylem Vessels by Xylella fastidiosa in Naturally Infected Olive Trees 

(Olea europaea L.), Frontiers in Plant Science, 9, 431 (2018). 

Carvalhais LC, Dennis PG, Tyson GW, Schenk PM, Application of metatranscriptomics 

to soil environments, Journal of Microbiological Methods, 91, 246–251 (2012). 

Daims H, Brühl A, Amann R, Schleifer KH, Wagner M, The domain-specific probe 

EUB338 is insufficient for the detection of all Bacteria: development and evaluation 

of a more comprehensive probe set, Systematic and Applied Microbiology, 22(3), 434-

444 (1999). 

Dar D, Dar N, Cai L, Newman DK, Spatial transcriptomics of planktonic and sessile 

bacterial populations at single-cell resolution, Science, 373, eabi4882 (2021). 

Davis KM and Isberg RR, Defining heterogeneity within bacterial populations via single 

cell approaches, Bioessays, 38(8), 782-790 (2016). 

Dekas AE, Chadwick GL, Bowles MW, Joye SB, Orphan VJ, Spatial distribution of 

nitrogen fixation in methane seep sediment and the role of the ANME archaea, 

Environmental Microbiology, 16(10), 3012–3029 (2014). 

Deng R, Zhang K, Sun Y, Ren X, Li J, Highly specific imaging of mRNA in single cells 



 65 

by target RNA-initiated rolling circle amplification, Chemical Science, 8(5), 3668 

(2017). 

Detter LC, Jett JM, Lucas SM, Dalin E, Arellano AR, Wang M, Nelson JR, Chapman J, 

Lou Y, Rokhsar D, Hawkins TL, Richardson PM, Isothermal strand-displacement 

amplification applications for high-throughput genomics, Genomics, 80(6), 691-8 

(2002). 

Devereux R, Kane MD, Winfrey J, Stahl DA, Genus- and Group-Specific Hybridization 

Probes for Determinative and Environmental Studies of Sulfate-Reducing Bacteria, 

Systematic and Applied Microbiology, 15(4), 601–609 (1992). 

Dige I, Nilsson H, Kilian M, Nyvad B, In situ identification of streptococci and other 

bacteria in initial dental biofilm by confocal laser scanning microscopy and 

fluorescence in situ hybridization. European Journal of Oral Sciences, 115, 459-467 

(2007). 

Dou D, Hernández-Neuta I, Wang H, Östbye H, Qian X, Thiele S, Resa-Infante P, Kouassi 

NM, Sender V, Hentrich K, Mellroth P, Henriques-Normark B, Gabriel G, Nilsson M, 

Daniels R, Analysis of IAV Replication and Co-infection Dynamics by a Versatile 

RNA Viral Genome Labeling Method. Cell Reports, 20, 251-263 (2017). 

Embree M, Nagarajan H, Movahedi N, Chitsaz H, Zengler K, Single-cell genome and 

metatranscriptome sequencing reveal metabolic interactions of an alkane-degrading 

methanogenic community, The ISME Journal, 8, 757–767 (2014). 



 66 

Engl C, Noise in bacterial gene expression. Biochemical Society Transactions, 47, 209-

217 (2019). 

Franzosa EA, Morgan XC, Segata N, Waldron L, Reyes J, Earl AM, Giannoukos G, 

Boylan MR, Ciulla D, Gevers D, Izard J, Garrett WS, Chan AT, Huttenhower C, 

Relating the metatranscriptome and metagenome of the human gut, Proceedings of 

National Academy of Sciences of the United States of America, 111, E2329–E2338 

(2014). 

Glover RE, Smith RR, Jones MV, Jackson SK, Rowlands CC, An EPR investigation of 

surfactant action on bacterial membranes, FEMS Microbiology Letters, 177(1), 57–

62 (1999). 

Goodwin S, McPherson JD, McCombie WR, Coming of age: ten years of next-generation 

sequencing technologies, Nature Reviews Genetics, 17, 333–351 (2016). 

Gunasekera TS, Attfield PV, Veal DA, A flow cytometry method for rapid detection and 

enumeration of total bacteria in milk, Applied and Environmental Microbiology, 66(3), 

1228-1232 (2000). 

Gunasekera TS, Sørensen A, Attfield PV, Sørensen SJ, Veal DA, Inducible gene 

expression by nonculturable bacteria in milk after pasteurization, Applied and 

Environmental Microbiology, 68(4), 1988-1993 (2002). 

Handelsman, Metagenomics: Application of Genomics to Uncultured Microorganisms, 

Microbiology and Molecular Biology Reviews, 68(4), 669–685 (2004). 



 67 

Hao L, Michaelsen TY, Singleton CM, Dottorini G, Kirkegaard RH, Albertsen M, Nielsen 

PH, Dueholm MS, Novel syntrophic bacteria in full-scale anaerobic digesters 

revealed by genome-centric metatranscriptomics, The ISME Journal, 14, 906-918 

(2020). 

Haroon MF, Skennerton CT, Steen JA, Lachner N, Hugenholtz P, Tyson GW, In-solution 

fluorescence in situ hybridization and fluorescence-activated cell sorting for single 

cell and population genome recovery, Methods in Enzymology, 531, 3-19 (2013). 

Heintz-Buschart A and Wilmes P, Human Gut Microbiome: Function Matters, Trends in 

Microbiology, 26(7), 563-574 (2018). 

Hoshino T and Schramm A, Detection of denitrification genes by in situ rolling circle 

amplification-fluorescence in situ hybridization to link metabolic potential with 

identity inside bacterial cells, Environmental Microbiology, 12(9), 2508-2517 (2010). 

Imdahl F and Saliba AE, Advances and challenges in single-cell RNA-seq of microbial 

communities, Current Opinion in Microbiology, 57, 102–110 (2020). 

Imdahl F, Vafadarnejad E, Homberger C, Saliba AE, Vogel J, Single-cell RNA-

sequencing reports growth-condition-specific global transcriptomes of individual 

bacteria, Nature Microbiology, 5, 1202–1206 (2020). 

Johnston ER, Kim M, Hatt JK, Phillips JR, Yao Q, Song Y, Hazen TC, Mayes MA, 

Konstantinidis KT, Phosphate addition increases tropical forest soil respiration 

primarily by deconstraining microbial population growth, Soil Biology and 



 68 

Biochemistry, 130, 43–54 (2019). 

Jousset A, Bienhold C, Chatzinotas A, Gallien L, Gobet A, Kurm V, Küsel K, Rillig MC, 

Rivett DW, Salles JF, van der Heijden MGA, Youssef NH, Zhang X, Wei Z, Hol WHG, 

Where less may be more: how the rare biosphere pulls ecosystems strings, The ISME 

Journal, 11, 853–862 (2017). 

Ke R, Mignardi M, Pacureanu A, Svedlund J, Botling J, Wählby C, Nilsson M, In situ 

sequencing for RNA analysis in preserved tissue and cells, Nature Methods, 10(9), 

857-860 (2013). 

Krzywkowski T and Nilsson M, Fidelity of RNA templated end-joining by chlorella virus 

DNA ligase and a novel iLock assay with improved direct RNA detection accuracy, 

Nucleic Acids Research, 45(18), e161 (2017). 

Kubota K, CARD-FISH for Environmental Microorganisms: Technical Advancement 

and Future Applications, Microbes and Environments, 28(1), 3–12 (2013). 

Kubota K, Ohashi A, Imachi H, Harada H, Visualization of mcr mRNA in a methanogen 

by fluorescence in situ hybridization with an oligonucleotide probe and two-pass 

tyramide signal amplification (two-pass TSA-FISH), Journal of Microbiological 

Methods, 66(3), 521-528 (2006). 

Kuchina A, Brettner LM, Paleologu L, Roco CM, Rosenberg AB, Carignano A, Kibler R, 

Hirano M, DePaolo RW, Seelig G, Microbial single-cell RNA sequencing by split-

pool barcoding, Science, 371, 798 (2021). 



 69 

Lagunavicius A, Merkiene E, Kiveryte Z, Savaneviciute A, Zimbaite-Ruskuliene V, 

Radzvilavicius T, Janulaitis A, Novel application of Phi29 DNA polymerase: RNA 

detection and analysis in vitro and in situ by target RNA-primed RCA, RNA, 15(5), 

765-71 (2009). 

Lagunavicius A, Kiveryte Z, Zimbaite-Ruskuliene V, Radzvilavicius T, Janulaitis A, 

Duality of polynucleotide substrates for Phi29 DNA polymerase: 3′-->5′ RNase 

activity of the enzyme, RNA, 14(3), 503-13 (2008). 

Larsson C, Grundberg I, Soderberg O, Nilsson M, In situ detection and genotyping of 

individual mRNA molecules, Nature Methods, 7, 395-397 (2010). 

Larsson C, Koch J, Nygren A, Janssen G, Raap AK, Landegren U, Nilsson M, In situ 

genotyping individual DNA molecules by target-primed rolling-circle amplification 

of padlock probes, Nature Methods, 1, 227-232 (2004). 

Lau MCY, Kieft TL, Kuloyo O, Linage-Alvarez B, van Heerden E, Lindsay MR, 

Magnabosco C, Wang W, Wiggins JB, Guo L, Perlman DH, Kyin S, Shwe HH, Harris 

RL, Oh Y, Yi MJ, Purtschert R, Slater GF, Ono S, Wei S, Li L, Lollar BS, Onstott TC, 

An oligotrophic deep-subsurface community dependent on syntrophy is dominated 

by sulfur-driven autotrophic denitrifiers, Proceedings of National Academy of 

Sciences of the United States of America, 113(49), E7927-E7936 (2016). 

Lawson CE, Strachan BJ, Hanson NW, Hahn AS, Hall ER, Rabinowitz B, Mavinic DS, 

Ramey WD, Hallam SJ, Rare taxa have potential to make metabolic contributions in 



 70 

enhanced biological phosphorus removal ecosystems, Environmental Microbiology, 

17, 4979–4993 (2015). 

Lee H, Salas SM, Gyllborg D, Nilsson M, Direct RNA targeted transcriptomic profiling 

in tissue using Hybridization-based RNA In Situ Sequencing (HybRISS), bioRxiv, 

(2020). 

Li N, Jablonowski C, Jin H, Zhong W, Stand-alone rolling circle amplification combined 

with capillary electrophoresis for specific detection of small RNA, Analytical 

Chemistry, 81(12), 4906-13 (2009). 

Lizardi PM, Huang X, Zhu Z, Bray-Ward P, Thomas DC, Ward DC, Mutation detection 

and single-molecule counting using isothermal rolling-circle amplification, Nature 

Genetics, 19(3), 225-32 (1998). 

Lin C, Jiang M, Duan S, Qiu J, Hong Y, Wang X, Chen X, Ke R, Visualization of 

individual microRNA molecules in fixed cells and tissues using target-primed padlock 

probe assay, Biochemical and Biophysical Research Communications, 526(3), 607-

611 (2020). 

Lukumbuzya M, Schmid M, Pjevac P, Daims H, A Multicolor Fluorescence in situ 

Hybridization Approach Using an Extended Set of Fluorophores to Visualize 

Microorganisms, Frontiers in Microbiology, 10, 1383 (2019). 

Luo F, Gitiafroz R, Devine CE, Gong Y, Hug LA, Raskin L, Edwards EA, 

Metatranscriptome of an Anaerobic Benzene-Degrading, Nitrate- Reducing 



 71 

Enrichment Culture Reveals Involvement of Carboxylation in Benzene Ring 

Activation, Applied and Environmental Microbiology, 80(14), 4095–4107 (2014). 

Macklaim LM, Fernandes AD, Di Bella JM, Hammond JA, Reid G, Gloor GB, 

Comparative meta-RNA-seq of the vaginal microbiota and differential expression by 

Lactobacillus iners in health and dysbiosis, Microbiome, 1(1), 12 (2013). 

Maruyama F, Kenzaka T, Yamaguchi N, Tani K, Nasu M, Visualization and enumeration 

of bacteria carrying a specific gene sequence by in situ rolling circle amplification, 

Applied and Environmental Microbiology, 71(12), 7933-7940 (2005). 

McFall-Ngai M, Hadfield MG, Bosch TCG, Carey HV, Domazet-Lošo T, Douglas AE, 

Dubilier N, Eberl G, Fukami T, Gilbert SF, Hentschel U, King N, Kjelleberg S, Knoll 

AH, Kremer N, Mazmanian SK, Metcalf JL, Nealson K, Pierce NE, Rawls JF, Reid 

A, Ruby EG, Rumpho M, Sanders JG, Tautz D, Wernegreen JJ, Animals in a bacterial 

world, a new imperative for the life sciences, Proceedings of National Academy of 

Sciences of the United States of America, 110(9), 3229-36 (2013). 

Mizukami M, Hanagata H, Miyauchi A, Brevibacillus Expression System: Host-Vector 

System for Efficient Production of Secretory Proteins, Current Pharmaceutical 

Biotechnology, 11, 251-258 (2010). 

Moffitt JR, Pandey S, Boettiger AN, Wang S, Zhuang X, Spatial organization shapes the 

turnover of a bacterial transcriptome, Elife, 5, e13065 (2016). 

Moitinho-Silva L, Díez-Vives C, Batani G, Esteves AIS, Jahn MT, Thomas T, Integrated 



 72 

metabolism in sponge–microbe symbiosis revealed by genome-centered 

metatranscriptomics, The ISME Journal, 11, 1651–1666 (2017). 

Moran MA, Metatranscriptomics: Eavesdropping on Complex Microbial Communities, 

Microbe, 4(7), 329–335 (2009). 

Neuenschwander SM, Salcher MM, Pernthaler J, Fluorescence in situ hybridization and 

sequential catalyzed reporter deposition (2C-FISH) for the flow cytometric sorting of 

freshwater ultramicrobacteria, Frontiers in Microbiology, 6, 247 (2015). 

Nilsson M, Malmgren H, Samiotaki M, Kwiatkowski M, Chowdhary BP, Landegren U, 

Padlock probes: circularizing oligonucleotides for localized DNA detection, Science, 

265(5181), 2085–2088 (1994). 

Nobu MK, Kamagata Y, Tringe SG, Woyke T, Liu WT, Microbial dark matter 

ecogenomics reveals complex synergistic networks in a methanogenic bioreactor, The 

ISME Journal, 9, 1710–1722 (2015). 

Paez JG, Lin M, Beroukhim R, Lee JC, Zhao X, Richter DJ, Gabriel S, Herman P, Sasaki 

H, Altshuler D, Li C, Meyerson M, Sellers WR, Genome coverage and sequence 

fidelity of phi29 polymerase-based multiple strand displacement whole genome 

amplification, Nucleic Acids Research, 32(9), e71 (2004). 

Pernthaler J, Glöckner FO, Schönhuber W, Amann R, Fluorescence in situ hybridization 

(FISH) with rRNA-targeted oligonucleotide probes, Methods in Microbiology, 30, 

207-210, IN1-IN7, 211-226 (2001). 



 73 

Picelli S, Björklund ÅK, Faridani OR, Sagasser S, Winberg G, Sandberg R, Smart-seq2 

for sensitive full-length transcriptome profiling in single cells, Nature Methods, 

10(11), 1096-1098 (2013). 

Pester M, Bittner N, Deevong P, Wagner M, Loy A, A ‘rare biosphere’ microorganism 

contributes to sulfate reduction in a peatland, The ISME Journal, 4, 1591–1602 (2010). 

Prudent E, Lepidi H, Angelakis E, Raoult D, Fluorescence In Situ Hybridization (FISH) 

and Peptide Nucleic Acid Probe-Based FISH for Diagnosis of Q Fever Endocarditis 

and Vascular Infections, Journal of Clinical Microbiology, 56, e00542-18 (2018). 

Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, Manichanh C, Nielsen T, Pons N, 

Levenez F, Yamada T, Mende DR, Li J, Xu J, Li S, Li D, Cao J, Wang B, Liang H, 

Zheng H, Xie Y, Tap J, Lepage P, Bertalan M, Batto JM, Hansen T, Paslier DL, 

Linneberg A, Nielsen HB, Pelletier E, Renault P, Sicheritz-Ponten T, Turner K, Zhu 

H, Yu C, Li S, Jian M, Zhou Y, Li Y, Zhang X, Li S, Qin N, Yang H, Wang J, Brunak 

S, Doré J, Guarner F, Kristiansen K, Pedersen O, Parkhill J, Weissenbach J, MetaHIT 

Consortium, Bork P, Ehrlich SD, Wang J, A human gut microbial gene catalogue 

established by metagenomic sequencing, Nature, 464, 59–65 (2010). 

Raskin L, Stromley JM, Rittmann BE, Stahl DA, Group-specific 16S rRNA hybridization 

probes to describe natural communities of methanogens, Applied and Environmental 

Microbiology, 60(4), 1232–1240 (1994). 

Rinke C, Schwientek P, Sczyrba A, Ivanova NN, Anderson IJ, Cheng JF, Darling A, 



 74 

Malfatti S, Swan BK, Gies EA, Dodsworth JA, Hedlund BP, Tsiamis G, Sievert SM, 

Liu WT, Eisen JA, Hallam SJ, Kyrpides NC, Stepanauskas R, Rubin EM, Hugenholtz 

P, Woyke T, Insights into the phylogeny and coding potential of microbial dark matter, 

Nature, 499, 431-437 (2013). 

Rouhanifard SH, Mellis IA, Dunagin M, Bayatpour S, Jiang CL, Dardani I, Symmons O, 

Emert B, Torre E, Cote A, Sullivan A, Stamatoyannopoulos JA, Raj A, ClampFISH 

detects individual nucleic acid molecules using click chemistry-based amplification, 

Nature Biotechnology, 37(1), 84-89 (2019). 

Rouskin S, Zubradt M, Washietl S, Kellis M, Weissman JS, Genome-wide probing of 

RNA structure reveals active unfolding of mRNA structures in vivo, Nature, 505, 701-

705 (2014). 

Raj A, Peskin CS, Tranchina D, Vargas DY, Tyagi S, Stochastic mRNA Synthesis in 

Mammalian Cells, PLoS Biology, 4, e309 (2006). 

Raj A, van den Bogaard P, Rifkin SA, van Oudenaarden A, Tyagi S, Imaging individual 

mRNA molecules using multiple singly labeled probes, Nature Methods, 5, 877–879 

(2008). 

Sato Y, Hori T, Koike H, Navarro RR, Ogata A, Habe H, Transcriptome analysis of 

activated sludge microbiomes reveals an unexpected role of minority nitrifiers in 

carbon metabolism, Communications Biology, 2, 179 (2019). 

Saulnier DMA, Molenaar D, de Vos WM, Gibson GR, Kolida S, Identification of 



 75 

Prebiotic Fructooligosaccharide Metabolism in Lactobacillus plantarum WCFS1 

through Microarrays, Applied and Environmental Microbiology, 73(6), 1753–1765 

(2007). 

Schmidt A, Müller N, Schink B, Schleheck D, A Proteomic View at the Biochemistry of 

Syntrophic Butyrate Oxidation in Syntrophomonas wolfei, PLOS One, 8(2), e56905 

(2013). 

Schneider N and Meier M, Efficient in situ detection of mRNAs using the Chlorella virus 

DNA ligase for padlock probe ligation, RNA, 23(2), 250-256 (2017). 

Sekiguchi Y, Kamagata Y, Nakamura K, Ohashi A, Harada H, Fluorescence in situ 

hybridization using 16S rRNA-targeted oligonucleotides reveals localization of 

methanogens and selected uncultured bacteria in mesophilic and thermophilic sludge 

granules, Applied Environmental Microbiology, 65, 1280-1288 (1999). 

Skinner SO, Sepúlveda LA, Xu H, Golding I, Measuring mRNA copy number in 

individual Escherichia coli cells using single-molecule fluorescent in situ 

hybridization, Nature Protocol, 8, 1100–1113 (2013). 

Sieuwerts S, Molenaar D, van Hijum SAFT, Beerthuyzen M, Stevens MJA, Janssen 

PWM, Ingham CJ, de Bok FAM, de Vos WM, van Hylckama Vlieg JET, Mixed-

culture transcriptome analysis reveals the molecular basis of mixed-culture growth in 

Streptococcus thermophilus and Lactobacillus bulgaricus, Applied and 

Environmental Microbiology, 76, 7775–7784 (2010). 



 76 

Smeianov VV, Wechter P, Broadbent JR, Hughes JE, Rodríguez BT, Christensen TK, 

Ardö Y, Steele JL, Comparative high-density microarray analysis of gene expression 

during growth of Lactobacillus helveticus in milk versus rich culture medium, 

Applied and Environmantal Microbiology, 73(8), 2661-2672 (2007). 

So LH, Ghosh A, Zong C, Sepúlveda LA, Segev R, Golding I, General properties of 

transcriptional time series in Escherichia coli, Nature Genetics, 43, 554–560 (2011). 

Sountoulidis A, Liontos A, Nguyen HP, Firsova AB, Fysikopoulos A, Qian X, Seeger W, 

Sundström E, Nilsson M, Samakovlis C, SCRINSHOT enables spatial mapping of 

cell states in tissue sections with single-cell resolution, PLoS Biology, 18(11), 

e3000675 (2020). 

Takahashi H, Satoh T, Kanahara H, Kubota Y, Hirose T, Yamazaki H, Yamamoto K, 

Okamura Y, Suzuki T, Kobori T, Development of a bench-top extra-cleanroom for 

DNA amplification, BioTechniques, 61(1), 42-46 (2016). 

Takahashi H, Yamamoto K, Ohtani T, Sugiyama S, Cell-free cloning using multiply-

primed rolling circle amplification with modified RNA primers, BioTechniques, 47, 

609-615 (2009). 

Takahashi H, Matsumoto A, Sugiyama S, Kobori T, Direct detection of green fluorescent 

protein messenger RNA expressed in Escherichia coli by rolling circle amplification," 

Analytical Biochemistry, 401, 242-249 (2010). 

Takahashi H, Ohkawachi M, Horio K, Kobori T, Aki T, Matsumura Y, Nakashimada Y, 



 77 

Okamura Y, RNase H-assisted RNA-primed rolling circle amplification for targeted 

RNA sequence detection, Scientific Reports, 8, 7770 (2018). 

Torre E, Dueck H, Shaffer S, Gospocic J, Gupte R, Bonasio R, Kim J, Murray J, Raj A, 

Rare Cell Detection by Single-Cell RNA Sequencing as Guided by Single-Molecule 

RNA FISH, Cell Systems, 6, 171–179 (2018). 

Tropini C, Earle KA, Huang KC, Sonnenburg JL, The Gut Microbiome: Connecting 

Spatial Organization to Function, Cell Host & Microbe, 21, 433-442 (2017). 

Vrancken G, Gregory AC, Huys GRB, Faust K, Raes J, Synthetic ecology of the human 

gut microbiota, Nature Reviews Microbiology, 17, 754-763 (2019). 

Wada N, Pollock FJ, Willis BL, Ainsworth T, Mano N, Bourne DG, In situ visualization 

of bacterial populations in coral tissues: pitfalls and solutions, PeerJ, 4, e2424 (2016). 

Wang F, Flanagan J, Su N, Wang LC, Bui S, Nielson A, Wu X, Vo HT, Ma XJ, Luo Y, 

RNAscope: a novel in situ RNA analysis platform for formalin-fixed, paraffin-

embedded tissues, The Journal of Molecular Diagnostics, 14(1), 22-29 (2012). 

Wu C, Simonetti M, Rossell C, Mignardi M, Mirzazadeh R, Annaratone L, Marchiò C, 

Sapino A, Bienko M, Crosetto N, Nilsson M, RollFISH achieves robust quantification 

of single-molecule RNA biomarkers in paraffin-embedded tumor tissue samples, 

Communications Biology, 1, 209 (2018). 

Wu X, Zhu S, Huang P, Chen Y, Highly specific quantification of microRNA by coupling 



 78 

probe-rolling circle amplification and Förster resonance energy transfer, Analytical 

Biochemistry, 502, 16-23 (2016). 

Yang Y, Sun J, Sun Y, Kwan YH, Wong WC, Zhang Y, Xu T, Feng D, Zhang Y, Qiu JW, 

Qian PY, Genomic, transcriptomic, and proteomic insights into the symbiosis of deep-

sea tubeworm holobionts, The ISME Journal, 14,135–150 (2020). 

Zhang F, Zhang W, Qian DK, Dai K, van Loosdrecht MCM, Zeng RJ, Synergetic alginate 

conversion by a microbial consortium of hydrolytic bacteria and methanogens, Water 

Research, 163, 114892 (2019). 

Zheng H, Liu E, Shi T, Ye L, Konno T, Oda M, Ji ZS, Strand-specific RNA-seq analysis 

of the Lactobacillus delbrueckii subsp. bulgaricus transcriptome, Molecular 

BioSystems, 12, 508–519 (2016). 

Zhong XB, Lizardi PM, Huang XH, Bray-Ward PL, Ward DC, Visualization of 

oligonucleotide probes and point mutations in interphase nuclei and DNA fibers using 

rolling circle DNA amplification, Proceedings of National Academy of Sciences of 

the United States of America, 98 (7), 3940-3945 (2001). 

  



 79 

Acknowledgements 
 

This work was supported by the Adaptable and Seamless Technology transfer 

Program through target-driven R&D (A-STEP) of JST [No. AS2311331E], the research 

budgets of Hiroshima University, JSPS KAKENHI Grant Number 19K06230, and 

Program for Developing and Supporting the Next-Generation of Innovative Researchers 

at Hiroshima University. 

 

 I would like to express my sincere gratitude to those who gave me the 

opportunity to conduct this research, provided me several opportunities to discuss it, and 

encouraged me to promote it: Prof. Yoshiko Okamura and Dr. Hirokazu Takahashi. I also 

extend my thanks to Prof. Tsunehiro Aki, Prof. Yutaka Nakashimada, Assoc. Prof. Kenji 

Arakawa, Asst. Prof. Kenshi Watanabe, and Assoc. Prof. Akihisa Kita (Niihama National 

College of Technology) for their insightful comments to polish my research. I would also 

like to thank Asst. Prof. Setsu Kato for her guidance and technical support with 

microscopic analysis. I would like to express my respect and gratitude to Mr. Masahiko 

Ohkawachi for his efforts in paving the way for this research. I thank Prof. Masaaki 

Konishi (Kitami Institute of Technology) for his helpful comments and suggestions on 

my doctoral thesis. 

 

 My gratitude goes out to the members of the Laboratory of Marine 

Biotechnology, the Laboratory of Cell Biochemistry and the Laboratory of Metabolic 

Engineering who have provided me with friendly competition and sometimes emotional 

support during my life as a student. I would also like to thank the school cafeteria at 

Hiroshima University for supporting the meals that were essential for me to live a healthy 

life. 

 

 Lastly, I would like to express my heartfelt gratitude to my family for believing 

in me and supporting me at all times. 

 



 

 

 

参考論文（学位要件論文） 

______________________________________________________________________ 

 

1. Hirokazu Takahashi*, Kyohei Horio*, Setsu Kato, Toshiro Kobori, Kenshi 

Watanabe, Tsunehiro Aki, Yutaka Nakashimada, Yoshiko Okamura, Direct 

detection of mRNA expression in microbial cells by fluorescence in situ 

hybridization using RNase H-assisted rolling circle amplification, Scientific 

Reports, 10, 9588 (2020). DOI:10.1038/s41598-020-65864-7 

*: equally contributed 

2. Kyohei Horio, Hirokazu Takahashi, Toshiro Kobori, Kenshi Watanabe, Tsunehiro 

Aki, Yutaka Nakashimada, Yoshiko Okamura, Visualization of gene reciprocity 

among lactic acid bacteria in yogurt by RNase H-assisted rolling circle 

amplification-fluorescence in situ hybridization, Microorganisms, 9, 1208 (2021). 

DOI:10.3390/microorganisms9061208 

 

  



 

 

 

 

 

 

 

関連論文 

______________________________________________________________________ 

 

Hirokazu Takahashi, Masahiko Ohkawachi, Kyohei Horio, Toshiro Kobori, Tsunehiro 

Aki, Yukihiko Matsumura, Yutaka Nakashimada, Yoshiko Okamura, RNase H-assisted 

RNA-primed rolling circle amplification for targeted RNA sequence detection, 

Scientific Reports, 8, 7770 (2018). DOI:10.1038/s41598-018-26132-x 

  


