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ABSTRACT  

A non-destructive approach based on magnetic in situ hybridization (MISH) and hybridization 

chain reaction (HCR) for the specific capture of eukaryotic cells has been developed. As a 

prerequisite, a HCR-MISH procedure initially used for tracking bacterial cells was here adapted 

for the first time to target eukaryotic cells using a universal eukaryotic probe, Euk-516R. 

Following labelling with superparamagnetic nanoparticles, cells from the model eukaryotic 

microorganism Saccharomyces cerevisiae were hybridized and isolated on a micro-magnet 

array. In addition, the eukaryotic cells were successfully targeted in an artificial mixture 

comprising bacterial cells, thus providing evidence that HCR-MISH is a promising technology 

to use for specific microeukaryote capture in complex microbial communities allowing their 

further morphological characterization. This new study opens great opportunities in ecological 

sciences, thus allowing the detection of specific cells in more complex cellular mixtures in the 

near future. 
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INTRODUCTION 

In recent years, research in microbial ecology has truly taken off. This spectacular breakthrough is 

mainly due to rapid technological advances such as meta-omics, which have significantly increased our 

ability to study microbial communities from complex environments and their function in various 

ecosystems (1 - 4). An ecosystem is a huge reservoir of yet uncharacterized biodiversity especially 

concerning microeucaryotes, which play a key role in ecology, for example in bacterial predation or 

recalcitrant organic matter degradation. Although detection of eukaryotic microorganisms in natural 

ecosystems using high-throughput sequencing is well documented (e.g. 5 - 7), deciphering the microbial 

biodiversity in ecosystems and understanding the underlying complexity of a communitie’s structure and 

function remain an important challenge. 

Cell or tissue isolation has always been a prerequisite to gain a deeper insight into cellular particularities 

and to characterize cell function or genome specificity. Besides, accessing cellular heterogeneities 

within populations may represent a crucial step for the ecological understanding of microbial processes 

or for many other biological applications (8). For instance, in a global health context, understanding 

antibiotic resistance in eukaryotic cells (9 - 11) or detecting pathogens (12 - 14) are common examples 

where the perception of cellular heterogeneities is needed. To date, flow-cytometry and microscopy 

imaging have been the most popular methods to study cells individually (15, 16), whether from a specific 

taxonomic or functional community and in either a medical or environmental context.  

As a long-standing technique, Fluorescent In Situ Hybridization (FISH) has been and still is widely used 

to visualize complete intact cells (for a clinical review see 17; 18). Several modifications have allowed 

the FISH procedure to be applied to different models and have inspired the development of many other 

techniques since the 1980s (19 - 22). For instance, microsystems and fluorescence-based monitoring 

through powerful platforms can be used to separate and observe entire cell staining with simple 

diagnostic fluorescent dyes, especially when investigating the heterogeneity of cellular systems (23). As 

a recently developed method, Fluorescent in situ DNA-hybridization chain reaction (HCR-FISH) may 

additionally offer the opportunity to overcome the main problem of FISH i.e. low intensity of the signal, 

due to low rRNA content found in some environmental microorganisms (24, 25). However, cell isolation 

by FISH or HCR-FISH requires a coupling with flow cytometry, which can be used for some but not all 

environments. For example, unicellular microorganisms cannot be directly isolated from soils or 

sediments due to the presence of many mineral and calcareous impurities present in these 

environments.  
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Recently, the magnetic procedure HCR-MISH (MISH = Magnetic in situ hybridization) has been 

proposed as a sensitive method for the isolation by direct magnetic capture of whole intact bacterial 

cells from complex environments, using a combination of in situ hybridization and HCR amplification 

(26). The principle of HCR-MISH is to use a magnetic field to capture specific cells onto which 

superparamagnetic nanoparticles are attached by a nucleic acid probe (either DNA or RNA), the length 

of which is enlarged and amplified inside and outside the cell by HCR. In addition, micro-magnet arrays 

integrated in microfluidic channels are powerful tools to selectively extract magnetically labelled cells 

(27). While the MISH technique has been till now successfully applied to the isolation of specific labeled 

bacterial cells (15, 23, 26, 28), enlarging it to the isolation of eukaryotic cells will offer a real opportunity 

to describe the microeukaryotic diversity.  

Unlike HCR-FISH, the isolation of eukaryotic cells by HCR-MISH is a real challenge as the HCR 

amplification may represent a critical step to successfully address the long artificial DNA fragment, to 

completely cross the cell wall so as to be coated outside the cell by magnetic nanoparticles.  

Here we describe a procedure that allows grafting of super-paramagnetic nanoparticles onto targeted 

micro-eukaryotic cells using yeast (Saccharomyces cerevisiae) as a model, exploiting magnetism for 

their subsequent isolation using a micro-magnet array.  By applying HCR-MISH on an artificial mixture 

comprising prokaryotic and eukaryotic cells and by using a universal 18S eukaryotic probe, we 

selectively isolated the eukaryotic fraction, thus delivering a promising method usable to target 

eukaryotic microbial communities. 
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MATERIALS AND METHODS 

Strains and culture 

Saccharomyces cerevisiae BY4741 strain (MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0) (Euroscarf) and 

Escherichia coli DH5 strain (F– endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG purB20 

φ80dlacZΔM15 Δ(lacZYA-argF)U169, hsdR17(rK
–mK

+), λ–) (Promega) were used as eukaryotic and 

bacterial cells, respectively, in the HCR-MISH experiments. Yeast cells were cultivated in YPG (yeast 

extract 10 gL-1, peptone 20 gL-1, and glucose 20 gL-1) at 30°C. Bacterial cells were grown in low salt 

Luria–Bertani Broth (Duchefa Biochemie) at 36°C. All microbial cells were cultivated with a 150 rpm-

orbital shaker, thus providing active growing cells at the logarithmic growth phase. 

Probe in silico analysis  

The universal eukaryotic probe used in this study was Euk516 antisense i.e. Euk516R (5’- 

ACCAGACTTGCCCTCC -3’ (29) targeting eukaryotic cells. This choice was based on previous work 

conducted on soils (30). The specificity of the probe was tested in silico using the Silva SSU r138 

database (4th December 2020, 31). 

HCR-MISH principle 

The principle of the method involves the use of three DNA probes (Fig. 1): an initiator probe and two 

DNA hairpin probes, referred to as H1 and H2 (32). The initiator probe is composed of 5’ to 3’ of four 

sequences: i) a 16 bp-long antisense sequence specific to the target 18S rRNA sequence, ii) a short (5 

bp-long) spacer sequence, and, iii) a sequence containing two (13 bp-long) A and B sequences which 

allow triggering the opening of the DNA hairpin of the H1 probe and subsequent self-assembly of the 

two amplifier probes H1 and H2 during HCR (Fig. 1B) as shown in Royet et al., (26) and modified for 

this study. The self-assembling of H1 and H2 sequences during HCR allows the creation of a long DNA 

fragment potentially crossing the cell, reaching a size of several thousand base pairs inside and outside 

the cell. As shown in Figure 1C, the H1 and H2 amplifier probes are biotinylated for subsequent 

attachment outside the cell of streptavidin-coated superparamagnetic nanoparticles. The different probe 

sequences are presented in Table 1. For this first proof of concept, we used as specific sequence the 

antisense of the universal eukaryotic primer Euk516R, targeting the 18S rRNA and rDNA of eukaryotes 

including yeasts (29). The main steps of the protocol behind the use of HCR-MISH on whole eukaryotic 

cells consists in : i) performing a cell fixation, to keep cell morphology, followed by an enzymatic 
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treatment for partial yeast cell wall hydrolysis to allow probes to enter into the cell, ii) hybridizing target 

genomic DNA and/or target RNA transcripts using the initiator probe and iii) carrying out a chain reaction 

of hybridization events introducing H1 and H2 probe amplifiers. 

HCR-MISH hybridization 

Active growing cells were harvested by centrifugation at 4000 g for 1 min and washed in sterile 1X PBS 

buffer (130 mM NaCl, 7 mM Na2HPO4, 3 mM NaH2PO4, pH 7.2). Then, either yeasts, bacterial cells or 

an appropriate ratio of eukaryotic/bacterial cells were fixed in 3% (w/v) extemporaneously prepared 

paraformaldehyde in 1X PBS solution for 1 h at 30°C, and then pelleted and washed at room 

temperature in 1X PBS buffer. Cell samples were then incubated in hybridization buffer (20 mM Tris-

HCl, 0.9 M NaCl, 0.01% SDS, 50% (v/v) formamide) for 30 min at 30°C, washed and suspended in 1X 

PBS at room temperature. A partial yeast cell-wall hydrolysis was carried out by adding 10U zymolyase 

enzyme (Zymo Research), incubating for 15 min at 30°C and washing cells twice in 1X PBS buffer. Then 

cells were suspended in 100 µL hybridization buffer containing the initiator probe at 0.5 μM final 

concentration. Hybridization was performed at 37°C for at least 3 h. Cells were then washed twice in 

pre-warmed (55°C) 1X PBS buffer and suspended in 100 μL amplification buffer consisting of 50 mM 

Na2HPO4, 0.9 M NaCl and 0.01 % (v/v) SDS. Prior to amplification, each H1 and H2 probe was 

denatured separately for 90 sec at 95°C and then cooled for 30 min at room temperature. Next, the 

amplifying mix containing both the denatured biotinylated H1 and H2 probes was prepared as follows: 

H1 and H2 amplifier probes were mixed and added to the cell samples (for a final 2.5 μM concentration 

in the amplification buffer). HCR amplification lasted 2 hours at 46°C. Afterwards, samples were washed 

twice with ice-cold 1X PBS. Finally, 10 μL commercial streptavidin-coated superparamagnetic beads 

(Miltenyi Biotech, Streptavidin MicroBeads, diameter 50 nm, concentration not provided by the 

manufacturer) were added. After an overnight incubation at 4°C, cells were washed and suspended in 

1X PBS. The HCR-MISH protocol is summarized in the supplementary table S1.  

Staining and Microscopy 

Cell suspension (100 µL) was stained by adding 0.2 µL of 0.1 mg.ml-1 ethidium bromide (EthBr) and 

incubating for five minutes at room temperature. Cells were washed in 1X PBS, harvested by 

centrifugation and re-suspended in 1X PBS. After 5 min, stained cells (10 µL) were separated and 

observed either under micro-magnet or by micro-fluidic devices (see next section) using a Zeiss Axio 
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Imager equipped with a DsRed filter. Images were acquired using a Zeiss AxioCamMR3 camera and 

Axiovision software. 

Micromagnet array  

A hard magnetic film of NdFeB was deposited on a Si wafer and patterned using thermo-magnetic 

patterning, as previously described (33). The resulting structure consists of a chessboard pattern of 

alternatively magnetized square domains of size 100 x 100 µm2. The magnetic field (>1 T) and field 

gradient (> 105 T/m) produced in the vicinity of this micro-magnet array are exploited to trap magnetically 

labelled cells on its surface, organizing them in a square pattern corresponding to the regions of 

maximum stray field. The microfluidic integration of such micro-magnet arrays was developed following 

the technique described by Osman et al. (27). Briefly, a 50 µm thick dry photoresist layer (LAMINAR® 

E92200 dry film photopolymer) was laminated by hand onto a glass substrate before exposure to ultra 

violet light through a photomask bearing the microchannel geometry (using KLOE UV-KUB exposure 

and masking system, wavelength 365 nm). The exposed negative photoresist film was then developed 

in a Na2CO3 solution at a concentration of 0.85 % (w/w), heated to 35°C. PDMS preparation consisted 

in mixing Sylgard 184 silicone base and curing agent (purchased from Neyco) at 10:1 mass ratio. After 

vacuum degassing, the mixture was poured over the PDMS master and allowed to cure in an oven at 

80°C for 2 h. After peeling off the PDMS replica, two holes were punched at each end of the 

microchannel. 

Microchannel bonding 

The same PDMS mixture as described above was diluted with Heptane (Sigma-Aldrich) to obtain a 4% 

(w/w) PDMS solution. The dilute solution was spin-coated onto the magnet surface at 4500 rpm for 1 

min (using a Spin 150, SPS-Europe) and baked at 80°C for a few hours to enable solvent evaporation 

and PDMS curing. The PDMS microchannel and the PDMS-coated substrate were then sealed together 

after exposing both surfaces to air plasma treatment (Expanded Plasma Cleaner, Harrick Plasma). 

Flow control setup  

A NE-4000 Multi-Phaser Double Syringe pump was used to control the flow rates. For this purpose, 

syringe needles were connected to PTFE tubing (1/32″ ID ×1/16′′ OD) directly inserted into the PDMS 

port holes of 1.25 mm diameter.  
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RESULTS 

Probe in silico analysis 

The sequence Euk516R (29) used in this study for targeting S. cerevisiae 18S rRNA genes, following 

the MISH procedure, is a non-degenerated 16 bp-long eukaryotic universal sequence and corresponds 

with 100% homology to the antisense of the S. cerevisiae 18S rRNA gene sequence. This sequence 

has already been used as one of the eukaryotic universal primer pairs in several eukaryotic 

microorganism diversity studies conducted in different environments, especially in soils (30, 34, 35) . In 

silico analysis of the Silva SSU r138 database (4th of December 2020) confirmed that the Euk516R 

sequence is very specific to the Eukaryota domain as it is able to target 82.6% of eukaryotic 18S rRNA 

gene sequences, only 2% of archaeal sequences and 0% of bacterial ones. Indeed, this sequence is 

localized in a region very well conserved among eukaryotic 18S rRNA genes and is able to target a 

significant number of eukaryotes, including unicellular microeucaryotes. The main eukaryotic phyla 

which can be targeted with this sequence according to our analysis are presented in the Supplementary 

Table S2. This probe covers 93.1% of Fungi present in the Silva database. Moreover, as shown in this 

table, this sequence is also very well conserved among unicellular microeukaryotes belonging to the 

SAR super-phylum (i.e. 89.7% of Alveolata, 90.8% of Rhizaria and 94.6% of Stramenopiles) whereas 

the Excavata phylum is much less represented (1.3%) and Amoebozoa about half represented (67.4%).    

HCR-MISH on eukaryotic cells 

Limitation of in situ hybridization efficiency due to the structure of the cell wall is well known, as 

exemplified for bacteria (36). Yeast cell permeability assays using enzymatic treatment with zymolyase 

prior to hybridization monitoring by FISH allowed us to address this issue. We consequently adapted 

our HCR-MISH protocol to include this pretreatment step to loosen cell wall integrity prior to 

hybridization. Several control experiments were then performed to test the feasibility of HCR-MISH on 

eukaryotic cells using yeast as a model. Firstly, yeast cells were subjected to the complete technique 

apart from incubation with superparamagnetic nanoparticles (Fig. 2A). No reaction indicating any 

attraction of hybridized yeast onto the micro-magnet array and their subsequent assembly into square 

patterns could be observed. This confirms that the treated yeast cells are not attracted by the magnetic 

field, as can naturally happen under specific conditions for certain microeucaryotes (37). Secondly, the 

random distribution of yeast on the micro-magnet array obtained after treatment with superparamagnetic 
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nanoparticles and biotinylated probes (H1 and H2) but without specific initiator probe (Fig. 2B) allowed 

to verify that neither the superparamagnetic nanoparticles nor the H1 and H2 biotinylated probes bind 

specifically to the yeast cells. The following step of this experiment was to test the complete technique 

with only the H1 hairpin probe, i.e., no H2 hairpin probe, in order to determine whether HCR is 

necessary. In this case, the images showed a few square patterns with very thin cell strips (Fig. 2C), 

suggesting that some nanoparticles could have been grafted after H1 hybridization. This result showed 

that: i) the specific initiator probe is functional, and ii) H1 hairpin probe could be sufficient for the labelling 

of a few cells, but the efficiency is low. However, the patterns obtained with the complete technique, 

including HCR amplification, allowed to detect clear regular square patterns with thick cell strips where 

multiple yeast cells were captured (Fig. 2D and Supplementary Video). This last experiment revealed 

the feasibility of the HCR-MISH technique and that HCR amplification is essential for high efficiency of 

the technique, as it greatly improves the yeast cell capture yield. However, while most yeast cells were 

trapped on the square patterns. As shown in the video (Supplementary video data), cells can be trapped 

under continuous flow inside the microfluidic device, meaning that labelled cells can be separated from 

unlabeled ones. These results demonstrate the feasibility of the HCR-MISH method to capture 

eukaryotic cells such as yeast. 

Specificity of eukaryotic HCR-MISH capture 

The next step of our work aimed at testing the HCR-MISH specificity against other organisms, such as 

bacteria. This was investigated with an artificial cell mixture comprising the yeast S. cerevisiae, as the 

eukaryotic model cell, and the bacteria Escherichia coli, as the prokaryotic model organism, in different 

proportions (1:10, 1:30 and 1:100 respectively). Both of them follow the same treatment. In a control 

experiment without the 18S rRNA gene specific initiator probe (Fig. 3A), a random distribution of yeast 

and bacteria on the micro-magnet array was observed. On the other hand, after complete treatment, 

specific yeast cell attraction was visible on the micro-magnet array: the larger yeast cells followed the 

square patterns while the much smaller bacteria were randomly distributed. This was observed whatever 

the bacterial concentration used, 10 times higher than yeast or 30 times higher (as shown in Fig. 3B). 

This demonstrated that in this experiment, cell attraction by HCR-MISH capture from a prokaryotic and 

eukaryotic cell mixture is yeast specific, even though bacteria were introduced in excess.  

DISCUSSION 



 
 

10 

The aim of this work was to provide a simple and cost-effective approach that can be used for trapping 

and fishing whole morphologically-intact eukaryotic cells using magnetic nanoparticles with a specific 

universal eukaryotic probe. We demonstrated that this procedure can be used with microfluidic 

platforms. We focused on a combination of HCR-MISH with magnetic cell sorting using high 

performance micro-magnets integrated into microfluidic devices. In this study, we used Saccharomyces 

cerevisiae eukaryotic cells as a model.  

In eukaryotes, DNA probes coupled with magnetic nanoparticles have been largely employed to 

investigate different RNA with specific hybridization, with good results and great applications, but to our 

knowledge, this approach was dedicated only to lysed eukaryotic cells and not to complete cells, as in 

the present study (38 – 42). In a medical context, the combination of magnetic nano-probes and HCR 

(HCR-MISH) has been reported for the electrochemical determination of multiple eukaryotic micro RNAs 

simultaneously in cell lysates (42) or to capture RNA biomarkers from mutated cells in cancer diagnosis 

(38), but as far as we know not to capture whole intact eukaryotic cells. In a microbial ecological context, 

the development of this technique for eukaryotic microorganisms fills the gap left by other molecular 

biology techniques and all the techniques of -omics for isolating cells from yet unknown (and mostly 

uncultured), eukaryotic microorganisms. These can be detectable through orphan environmental 18S 

sequences which cannot be robustly affiliated, or through environmental cDNAs isolated by a screening 

for a functional phenotype but with no hit in data bases and then not affiliated at all (30, 43).  

The method to fix cells described in this work preserves cell integrity. The fixation step by para-

formaldehyde aims at denaturing the cell wall and achieving crosslinking of proteins. Nevertheless, fixed 

cells are whole cells genetically viable for subsequent morphological characterization and different 

genomic applications (44), such as trapping whole cells, to detect whole parasites in animals or humans 

(45).  

The use of fluorescent cell sorters is tempered by the problems of auto-fluorescence, which does not 

occur with magnetism. With MISH, prior isolation or enrichment of the targeted cells in pure culture is 

not required, which broadens the application to uncultured eukaryotic microorganisms. The MISH 

method allow single intact cell isolation directly from environments and is thus highly appropriate to 

further characterize trapped cells, morphologically by microscopy or genetically by whole genome single 

or a few-cell sequencing. The feasibility of this experiment opens new prospects in cell tracking in 
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various ecosystems such as dental, lung or aquatic ones. Associating whole cell trapping with single-

cell sequencing technologies could provide a powerful tool for assessing relevant information in 

extremely rare but precious cells. Combining all the “-omics” and single cell resolution, will bring to the 

forefront an unexplored landscape and may address questions that remain unanswered in diverse fields 

of biological and ecological sciences (46). Consequently, alternative methods such as MISH remain 

useful to directly observe and characterize yet unknown microorganisms, some of them supporting a 

part of the functional biodiversity.  

In our work we used the 18S rRNA probe, which is a generalist probe available to analyze the whole 

cells belonging to a specific clade in environments. Other probe functions or clade-specificity could be 

used to trap microeukaryotes belonging to a functional community. Future research should focus on the 

development and application of this technique on other eukaryotic cells and cell fishing from complex 

samples from different environments. 

 

CONCLUSION 

The present study reports a new method combining hybridization chain reaction and magnetic in situ 

hybridization for tracking and separating eukaryotic cells using commercial superparamagnetic 

nanoparticles. We show that yeast can be selectively trapped from an artificial mix of microorganisms. 

We have demonstrated static trapping and flow-based separation of eukaryotic-labelled cells. Since this 

approach was previously validated on bacteria by Royet et al. (26), these new results have enlarged the 

toolbox available for microbiologists to study complex environmental samples. 

This method will need further studies to adapt to each type and specificity of eukaryotic cells, but it 

provides a new tool to track cells without needing to lyse them, allowing the characterization of the whole 

cell by morphological analysis or whole genome single-cell sequencing. The combination of HCR and 

magnetic in situ hybridization shows great promise for environmental research, as it appears to be 

applicable to both bacteria (26) and eukaryotic cells (this present work). 

 

SUPPLEMENTARY DATA 

Supplementary Data are available. 



 
 

12 

 

FUNDING 

This work was supported by Fédération de Recherche Biodiversité, Eau & Ville (FR BioEEnviS) from 

University of Lyon 1 and Centre National de Recherche Scientifique de France (CNRS). 

 

CONFLICT OF INTEREST 

The authors declare that they have no conflict of interest. 

 

ACKNOWLEDGEMENT 

We thank Laure Franqueville (Ecole Centrale from Lyon) for assistance during the work in Ecole 

Centrale de Lyon. We thank as well Marc Lemaire and Claire Prigent-Combaret for their wise advice. 

This work has benefited from the expertise and facilities/funding of the platform DTAMB of FR3728 

BioEEnViS (Villeurbanne, France). 

  



 
 

13 

REFERENCES 

1 - Morris CE, Bardin M, Berge O et al. Microbial biodiversity: approaches to experimental design and 

hypothesis testing in primary scientific literature from 1975 to 1999. Microbiol Mol Biol R 2002;66:592–

616.  

2 - Hiraoka S, Yang CC, IwasakiW. Metagenomics and bioinformatics in microbial ecology: current 

status and beyond. Microbes Environ 2016;31:204–12.  

3 - Grumaz C, Hoffmann A, VainshteinY., Kopp,M., Grumaz,S., Stevens,P., Decker,S.O., 

Weigand,M.A., Hofer,S., Brenner,T. and Sohn,K. (2020). Rapid Next-Generation Sequencing-Based 

Diagnostics of Bacteremia in Septic Patients. J Mol Diagn. 22(3):405-418. DOI: 

10.1016/j.jmoldx.2019.12.006. PMID: 32146977. 

4 - Sehnal,L., Brammer-Robbins,E., Wormington,A.M., Blaha,L., Bisesi,J., Larkin,I., Martyniuk,C.J., 

Simonin,M. and Adamovsky,O. (2021). Microbiome Composition and Function in Aquatic Vertebrates: 

Small Organisms Making Big Impacts on Aquatic Animal Health. Front. Microb. Immunol, 12, 567408. 

DOI: 10.3389/fmicb.2021.567408. 

5 – Barbi, F., Bragalini, C., Vallon,L., Prudent,E., Dubost,A., Fraissinet-Tachet,L., Marmeisse,R. and 

Luis,P. (2014) PCR primers to study the diversity of expressed fungal genes encoding lignocellulolytic 

enzymes in soils using high throughput sequencing. PLoS One DOI:10.1371/journal.pone.0116264  

6 - Sutcliffe,B., Hose,G.C,. Harford,A.J., Midgley,D.J., Greenfield,P., Paulsen,I.T. and Chariton,A.A. 

(2019). Microbial communities are sensitive indicators for freshwater sediment copper contamination. 

Environmental Pollution 247 DOI: 10.1016/j.envpol.2019.01.104. 

7 - Mundra,S., Kjønaas,O.J., Morgado,L.N., Krabberød,A.K., Ransedokken,Y. and Kauserud,H. (2021). 

Soil depth matters: shift in composition and inter-kingdom co-occurrence patterns of microorganisms in 

forest soils. FEMS Microbiol. Ecol, 97(3). https://doi.org/10.1093/femsec/fiab022 

8 - Brehm-stecher,B.F. and Johnson,E.A. (2004). Single-cell microbiology: tools, technologies, and 

applications. Microbiol. Mol. Biol. Rev.68, 538–561. DOI: 10.1128/MMBR.68.3.538–559.2004. 

9 - Watamoto,T., Samaranayake,L.P., Egusa,H., Yatani,H. and Seneviratne,C.J. (2011) Transcriptional 

regulation of drug-resistance genes in Candida albicans biofilms in response to antifungals. J. Med. 

Microbiol. 60, 1241–1247. 



 
 

14 

10 - Sandai,D., Tabana,Y.M., El Ouweini,A. and Ayodeji,I.O. (2016). Resistance of Candida albicans 

Biofilms to Drugs and the Host Immune System. Jundishapur J Microbiol. 9(11). DOI: 

10.5812/jjm.37385. 

11 - Ahmad Khan,M.S., Alshehrei,F., Al-Ghamdi,S.B., Bamaga,M.A., Al-Thubiani,A.S. and Alam,M.Z. 

(2020). Virulence and biofilms as promising targets in developing antipathogenic drugs against 

candidiasis. Future Sci OA. 3;6(2):FSO440. DOI: 10.2144/fsoa-2019-0027.  

12 - Loll-Krippleber,R., Feri,A., Nguyen,M., Maufrais,C., Yansouni,J., d’Enfert,C. and Legrand,M. 

(2015). A FACS-optimized screen identifies regulators of genome stability in Candida albicans. Eukaryot 

Cell 14:311–322. DOI:10.1128/EC.00286-14. 

13 – Albadr,A.A., Coulter,S.M., Porter,S.L., Thakur,R.R.S. and Laverty,G. (2018) Ultrashort Self-

Assembling Peptide Hydrogel for the Treatment of Fungal Infections. Gels. 22;4(2):48. doi: 

10.3390/gels4020048 

14 - Haridas,V., Shahin,R., Vorobjev,I.A., Goldfeld,A.,E. and Barteneva,N.,S. (2017) Imaging flow 

cytometry analysis of intracellular pathogens. Methods 01; 112: 91–104. 

DOI:10.1016/j.ymeth.2016.09.007. 

15 - Pivetal,J., Toru,S., Frenea-Robin,M., Haddour,N., Cecillon,S., Dempsey,N.M., Dumas-Bouchiat,F. 

and Simonet,P. (2014). Selective isolation of bacterial cells within a microfluidic device using magnetic 

probe-based cell fishing. Sensors Actuators B Chem. 195: 581–589, DOI:10.1016/j.snb.2014.01.004 

16 – Léonard,L., Bouarab,Ch., Ouled,B., Degraeve,P. and Oulahal,N. Recent Advances on Multi-

Parameter Flow Cytometry to Characterize Antimicrobial Treatments (2016) Front. Microbiol. 7, 1225.  

DOI:10.3389/fmicb.2016.01225 

17 - Frickmann,H., Zautner,A.E., Moter,A., Kikhney,J., Hagen,R.M., Stender,H. and Poppert,S. (2017) 

Fluorescence in situ hybridization (FISH) in the microbiological diagnostic routine laboratory: a review. 

Crit. Rev. Microbiol., vol. 43, 3, 263–293. DOI:10.3109/1040841X.2016.1169990. 

18 - Berg,G., Rybakova,D., Grube,M. and Köberl,M. (2016). The plant microbiome explored: implications 

for experimental botany. J. Exp. Bot, Vol. 67, No. 4 pp. 995–1002, DOI:10.1093/jxb/erv466 



 
 

15 

19 - Bauman,J.G., Wiegant,J., Borst,P. and van Duijn,P. (1980). A new method for fluorescence 

microscopical localization of specific DNA sequences by in situ hybridization of fluorochromelabelled 

RNA. Exp. Cell Res. 128:485–90 

20 - Amann,R.I., Binder,B.J., Olson,R.J., Chisholm,S.W., Devereux,R. and Stahl,D.A. (1990) 

Combination of 16S rRNA-targeted oligonucleotide probes with flowcytometry for analyzing mixed 

microbial populations. Appl. Environ. Microbiol. 56, 1919–1925. 

21 - Wallner,G., Amann,R. and Beisker,W. (1993) Optimizing fluorescent in situ hybridization with rRNA-

targeted oligonucleotide probes for flow cytometric identification of microorganisms. Cytometry 

14(2):136-43. 

22 – Wang,H., Yu,Z., Li,G. and Yang,Z. (2019) Diversified Chromosome Rearrangements Detected in 

a Wheat‒Dasypyrum breviaristatum Substitution Line Induced by Gamma-Ray Irradiation. Plants.  

14;8(6):175. DOI: 10.3390/plants8060175. 

23 - Pivetal,J., Ciuta,G., Frenea-Robin,M., Haddour,N., Dempsey,N.M., Dumas-Bouchiat,F. and 

Simonet,P. (2014). Magnetic nanoparticle DNA labeling for individual bacterial cell detection and 

recovery. J Microbiol Methods.107: 84–91. DOI:10.1016/j.mimet.2014.09.006 

24 - Yamaguchi,T.,  Kawakami,S., Hatamoto,M., Imachi,H., Takahashi,M., Araki,N., Yamaguchi,T. and 

Kubota,K. (2015).  In situ DNA-hybridization chain reaction (HCR): a facilitated in situ HCR system for 

the detection of environmental microorganisms. Environ. Microbiol. 17(7), 2532–2541. 

DOI:10.1111/1462-2920.12745. 

25 - Jia,Z., Dong,Y., Xu,H. and Wang F. (2021). Optimizing the hybridization chain reaction-fluorescence 

in situ hybridization (HCR-FISH) protocol for detection of microbes in sediments. Mar Life Sci 

Technol. DOI: 10.1007/s42995-021-00098-8 

26 - Royet,D., Dempsey,N.M., Simonet,P. and Frenea-Robin,M. (2018). A new magnetic cell fishing 

approach based on hybridization chain reaction: HCR-MISH. Sensors & Actuators: B. Chemical 273 

126–132. 

27 - Osman,O., Toru,S., Dumas-Bouchiat,F., Dempsey,N.M., Haddour,N., Zanini,L.,F., Buret,F., 

Reyne,G., and Frenea-Robin,M. (2013). Microfluidic immunomagnetic cell separation using integrated 

permanent micromagnets. Biomicrofluidics 7: 54115. DOI:10.1063/1.4825395 



 
 

16 

28 – Stoffels,M., Ludwig,W. and Schleifer,K. rRNA probe-based cell fishing of bacteria (1999). Environ. 

Microbiol. 1,3, 259-271. DOI: 10.1046/j.1462-2920.1999.00032.x 

29 - Diez,B., Pedros-Alio,C. and Massana,R. (2001). Study of genetic diversity of eukaryotic 

picoplankton in different oceanic regions by small-subunit rRNA gene cloning and sequencing. Appl. 

Environ. Microbiol. 67: 2932-2941. 

30 – Lehembre,F., Doillon,D., David,E., Perrotto,P., Baude,J., Foulon,J., Harfouche,L., Vallon,L., 

Poulain,J., Da Silva,J., Wincker,P., Oger-Desfeux,C., Richaud,P., Colpaert,J., Chalot,M., Fraissinet-

Tachet,L., Blaudez,D. and Marmeisse,R. (2013) Soil metatranscriptomics for mining eukaryotic heavy 

metal resistance genes. Environ. Microbiol. 15(10): 2829-2840.  

31 – Pruesse,E., Quast,C., Knittel,K., Fuchs,B.M., Ludwig,W., Peplies,J. and Glöckner,F.O. (2007). 

SILVA: a comprehensive online resource for quality checked and aligned ribosomal RNA sequence data 

compatible with ARB. Nucleic acids res., 35(21), 7188-7196. DOI: 10.1093/nar/gkm864.  

32 - Dirks,R.M. and Pierce,N.A. (2004). Triggered amplification by hybridization chain reaction. Proc. 

Natl. Acad. Sci. U. S. A. Oct 26; 101 (43): 15275-8. 

33 - Dumas-Bouchiat,F., Zanini,L.F., Kustov,M., Dempsey,N.M., Grechishkin,R., Hasselbach,K.., 

Orlianges,J.C., Champeaux,C., Catherinot,A. and Givord,D. (2010) Thermomagnetically patterned 

micromagnets. Appl. Phys. Lett. 96, 102511, doi.org/DOI: 10.1063/1.3341190 

34 – Bailly,J., Fraissinet-Tachet,L., Verner,M.-C., Debaud,J.C., Lemaire,M., Wésolowski-Louvel,M. and 

Marmeisse,R. (2007) Soil eukaryotic functional diversity, a metatranscriptomic approach. The ISME J. 

1: 632-642.  

35 – Damon,C., Lehembre,F., Oger-Desfeux,C., Luis,P., Ranger,J., Fraissinet-Tachet,L. and 

Marmeisse,R. (2012) Metatranscriptomics reveals the diversity of genes expressed by eukaryotes in 

forest soils. PLoS ONE. 7(1): e28967. 

36 - Moter,A., and Göbel,U.B. (2000). Fluorescence in situ hybridization (FISH) for direct visualization 

of microorganisms. J. Microbiol. Methods, 41(2), 85-112. DOI: 10.1016/S0167-7012(00)00152-4. 

37 – Kim,I., Choi,G.-G., Won Nam,S., Yang,H.-M., Park,C.W., Seo,B.-K., Choi,K.-M., Park,S.-M. and 

Ryu,B.-G. (2020) Enhanced removal of cesium by potassium-starved microalga, Desmodesmus 



 
 

17 

armatus SCK, under photoheterotrophic condition with magnetic separation. Chemosphere 252: 

126482.  

38 - Pang,Y., Wang,C., Wang,J., Sun,Z., Xiao,R.and Wang,S. (2016). Fe₃O₄@Ag magnetic 

nanoparticles for microRNA capture and duplex-specific nuclease signal amplification based SERS 

detection in cancer cells. Biosens. Bioelectron. 79, 574-580. DOI: 10.1016/j.bios.2015.12.052.  

39 - Koo,K.M., Carrascosa,L.G., Shiddiky,M.J.A. and Trau,M., (2016). Poly(A) Extensions of miRNAs 

for Amplification-Free Electrochemical Detection on Screen-Printed Gold Electrodes. Anal. Chem. 88, 

2000–2005. DOI: 10.1021/acs.analchem.5b04795 

40 - Li,R.D., Wang,Q., Yin,B.C. and Ye,B.C. (2016). Enzyme-free detection of sequence-specific 

microRNAs based on nanoparticle-assisted signal amplification strategy. Biosens. Bioelectron. 77, 995–

1000. . 

41 - Zhang,S., Liu,R., Xing,Z., Zhang,S. and Zhang,X. (2016). Multiplex miRNA assay using lanthanide-

tagged probes and the duplex-specific nuclease amplification strategy. Chem. Commun. 52. DOI: 

10.1039/C6CC08334J  

42 - Yuan,Y.H., Wua,Y.D., Chia,B.Z., Wena,S.H., Lianga,R.P. and Qiua,J.D. (2017) Simultaneously 

electrochemical detection of microRNAs based on multifunctional magnetic nanoparticles probe 

coupling with hybridization chain reaction. Biosens. Bioelectron 97 325–331.   DOI: 

10.1016/j.bios.2017.06.022 

43 – Ziller,A, Yadav,R.K., Capdevila,M., Reddy,M.S., Vallon,L., Marmeisse,R., Atrian,S., Palacios,O., 

and Fraissinet-Tachet,L. (2016) Metagenomics analysis reveals a new metallothionein family: sequence 

and metal-binding features of new environmental cysteine-rich proteins. J. Inorg. Biochem. 167: 1-11.  

44 - Bussolati,G., Annaratone,L., Medico,E., D’Armento,G. and Sapino,A. (2011) Formalin Fixation at 

Low Temperature Better Preserves Nucleic Acid Integrity. PLoS ONE 6(6): e21043. 

DOI:10.1371/journal.pone.0021043. 

45 - Calderon,E.J., Cushion,M.T., Xiao,L., Lorenzo-Morales,J., Matos,O., Kaneshiro,E.S., and 

Weiss,L.M. (2015) J. Eukaryot Microbiol; 62(5): 701–709. DOI:10.1111/jeu.12221. 



 
 

18 

46 - Alam,M.K., Koomson,E., Zou,H., Yi,C., Li,C.W., Xu,T. and Yang,M. (2018) Recent advances in 

microfluidic technology for manipulation and analysis of biological cells (2007-2017). Anal. Chim. Acta.  

31; 1044:29-65. DOI: 10.1016/j.aca.2018.06.054.  

 



 
 

19 

TABLE AND FIGURES LEGENDS 

 

 

Figure 1. The HCR-MISH approach (adapted from Royet et al. 2018).  

In (A): the three probes i.e. one specific initiator and two DNA hairpin H1 and H2 probes used in the 

HCR-MISH approach are shown. Note that the specific initiator probe contains a specific sequence for 

the specific MISH hybridization, along with a spacer and an initiator sequence for the HCR amplification. 

The hairpin H1 and H2 probes are composed of three short sequences: A, B and C. In (B): the HCR 

amplification step showing the overlapping H1 and H2 chain hybridization. In (C): the magnetic labeling 

of the yeast cells as the ultimate result of the newly synthetized double-strand DNA composed of H1 

and H2 overlapping probes, that are located outside the cell. 
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Figure 2. Eukaryotic cell distribution patterns following HCR-MISH.  

Yeast cells from calibrated samples were subjected to complete treatment apart from incubation with 

superparamagnetic nanoparticles (10X magnification) (A). Yeast cells were in contact with just 

biotinylated probes (H1 and H2), in the absence of the initiator sequence (including the 18S probe) and 

then were placed on the micro-magnet array (10X magnification) (B). H1 probe was solely used, i.e.  

without H2, images show a few square patterns (20X magnification) (C). Complete treatment of HCR-

MISH using both amplifiers and the specific probe 18S, the patterns obtained are far more distinct 

10X(D). Same treatment as D, but at higher magnification, yeast cells can be individually distinguished: 

50X (E)  
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Figure 3. The eukaryotic HCR-MISH specificity as evaluated for target eukaryotic cells in an artificial 

mixture. E. coli cells were the control test without the specific 18S probe under 50X magnification (A) 

and with the 18S probe (B) using a concentration of bacteria 30 times higher than the yeast.  

 

 

 

Table 1. Sequences and probes used in the experiment.  

 
Names Sequences (5’-> 3’) 

Euk516-MISH (with spacer) CCGAATACAAAGCATCAACGACTAGAAAAAACCAGACTTGCCCTCC 

H1 probe * TCTAGTCGTTGATGCTTTGTATTCGGCGACAGATAACCGAATACAAAGCATC 

H2 probe * CCGAATACAAAGCATCAACGACTAGAGATGCTTTGTATTCGGTTATCTGTCG 

*: the H1 and H2 probes were biotinylated. 

 

 


