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Introduction

Symbiosis and bacterial predation

The German botanist and mycologist Anton de Bary defined symbiosis as a cohabitation of

dissimilar organisms. Although the term is often used to describe associations in which both

partners receive benefits (mutualism), de Bary´s definition of symbiosis does not exclude

neutral (commensalism) or antagonistic (parasitism and predation) relationships. Cooperation

typically provides competitive advantages over non-symbiotic organisms for both partners

(individual benefits can be in the form of mobility, energy source accessibility, protection,

expanded metabolic potential etc.), and allows occupation of niches otherwise unavailable to

any of the partners alone. On the other side of the symbiosis spectrum are parasitism and

predation. Parasitism is defined as interaction in which one species gains advantage

(increased fitness) on expense of its partner (decreased fitness). While cohabitation can be

prolonged in parasitism, predation is normally short-lived and results in the demise of one

partner. A number of described interactions among bacteria and their hosts provide advantage

to only one partner (some Wolbachia) or the costs and benefits of interaction are difficult to

explain (1). Boundaries between parasitism, commensalism, and mutualism can be blurred or

shift over time due to changed environmental circumstances (2, 3).

Microbe-microbe interactions have attracted much less attention than microbe-eukaryote

symbioses. Partly due to technical limitations, which are only recently being alleviated by

new technologies and methods (4). Metabolically coupled syntrophic associations are likely

the best studied mutualistic interactions between two microbes. Prominent examples are

anaerobic methane oxidation (5, 6), anaerobic (often methanogenic) communities degrading

fatty acids, alcohols and some other hydrocarbons (7, 8), and the more recently described

electron transfer between two species growing as co-culture, either direct (9) or through

conductive minerals (10). Although all microbial partners have not been determined yet,

bacteria acting as electric wires can transfer electric current over centimeter distances in

marine sediments and thus couple spatially separated oxidation and reduction reactions (11,

12). Although not a strict microbe-microbe association, the symbiosis between an uncultured

nitrogen-fixing cyanobacterium (UCYN-A) and unicellular algae could also be regarded this

type of mutualism (13).
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Likely being an ancient trait, several types of parasitic (predatory) symbioses can be found in

the microbial world (14, 15). Among representatives are bacteria that actively degrade living

bacteria and use released nutrients to support their own growth and metabolism. These

predatory/parasitic bacteria are physiologically and phylogenetically diverse and are found in

several phyla. Similarly diverse are their predatory strategies, ranging from cooperative or

“wolfpack” predation to the invasion of the  periplasmic space of their prey and division by

septation (Figure 1). The best studied predatory bacteria are Myxococcus xanthus, several

members of the Bdellovibrio and Bacteriovorax genera (all Deltaproteobacteria), and

Micavibrio aeruginosavorus (Alphaproteobacteria) (14, 16, 17).

The best characterized predatory bacterium, Bdellovibro bacterivorus, was described more

than 50 years ago (17-20). While older work was focusing mostly on physiology and

electron-microscopy based experiments, the recent Bdellovibrio-research renaissance has

seen the use of many modern genomic and post-genomic technologies (17, 21-29). The

predatory life-cycle of Bdellovibrio bacteriovorous starts with a highly motile free-swimming

phase, where Bdellovibrio senses and actively swims toward its prey. After encountering

potential prey, a short termed recognition phase follows, which results in the invasion of

preys periplasmic space or in the detachment of Bdellovibrio. Once in the periplasm,

Bdellovibrio establishes a metabolic connection with its prey via several transporters and

membrane proteins, and at the same time releases its arsenal of macromolecule-degrading

proteins. At this stage, the predator grows into a long filament and finally divides by

septation, producing an even or odd number of progeny (illustrated in Figure 1B). Typically,

the consumption of one E. coli cell results in four to six attack-phase Bdellovibrios that, after

maturation, escape from the prey’s outer membrane and begin a new predatory cycle (17, 30,

31). Genomic studies pointed out a number of proteins involved in motility and a remarkable

orchestra of catabolizing enzymes (nucleases, proteases and lipases) supported by an amount

of transport proteins. A recent transcriptome study revealed more about regulation of the

molecular machinery that finally leads to successful predation (29). Although considered as

obligate predators, mutants of Bdellovibrio bacteriovorous (they occur with the frequency of

approx. 1/10^7 bacteria) can grow axenically in complex medium, pointing on a thin line

between predatory and saprophytic lifestyles.

Another obligate predatory bacterium that has been well studied is Micavibrio

aeruginosavorous. When isolated in the early 1980ies, it was affiliated to the Bdellovibrio
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genus based on morphological and activity studies (32-34). Micavibrio aeruginosavorous 

came back into the spotlight only in 2006, when a research group led by Edouard Jurkevitch 

performed a survey of predatory bacteria in soil samples to find that a proportion of isolated 

predatory bacteria were not Bdellovibrio-related Deltaproteobacteria, but rather clustered 

phylogenetically together with Micavibrio aeroginosavorous ARL-13. The following 

phylogenetic analysis showed that Micavibrio species form a deep branching lineage within 

the Alphaproteobacteria (35). Much like Bdellovibrio exovorus JSST, isolated Micavibro 

EPB did not invade periplasmic space of their prey, but remained attached to the outer 

membrane, dividing by binary fission (35, 36) (Figure 1C).  

 

 
 

Figure 1: Three known modes of bacterial predation. (A) Bacteria “attack” as a wolfpack, release 
digestive enzymes and take up nutrients released from the prey cells. Typically, this strategy is used 
by facultative predatory bacteria. On the other hand, obligatory predators employ either (B) invasion 
of the periplasmic space, where they digest prey cell, grow and finally divide by septation or (C) 
epibiotic predation. Epibiotic predators attach to their prey via a junction through which they secrete 
digestive enzymes and take up released biomolecules. Adapted from Jurkevitch (2007). 
 

In the macroscale world, predation significantly contributes to the population control of lower 

trophic levels. Predation and grazing are known to increase the diversity of lower trophic 

levels, and thereby functional redundancy and ecosystem resilience (37). In contrast to the 
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macroscale biomes, where predation and its consequences are well documented, little is

known about the ecological impact of bacterial predators in natural or engineered

environments. Most of studies aiming at enumerating predatory bacteria in the environment

were based on counting plaques resulting from consumption and concomitant lysis of soft

agar-embedded prey bacteria. As authors often pointed out, such approaches suffer from a

narrow prey specificity of predators and a limited prey cultivation capacity of investigators

(34, 38, 39). Albeit difficult-to-culture bacteria represent the majority of microbial biomass

and biotic diversity, little is known on the potential predation that they may face. Only

recently, molecular methods were utilized to measure environmental abundances and address

niche diversification of predatory bacteria (34, 40, 41). Furthermore, the comparison of 11

genomes of known predatory bacteria with a selection of 19 genomes of non-predatory

bacteria pointed out the dependence of predatory bacteria on adhesion-assisting proteins,

proteases, and on the import of riboflavin and several amino acids. Another distinguishing

feature of predatory lifestyle seems to be isoprenoid synthesis pathway. The presence of (at

least part of) the mevalonate pathway is one of the characteristics of a predatory or

intracellular lifestyle (28). The authors suggest that with the help of rapidly growing data on

bacterial (meta)genomes, such analyses will identify hitherto undetected predatory bacteria

and in turn assist the quantification of bacterial predation in various environments (28).

Recognizably predatory, but nevertheless cryptic is the symbiosis between the

hyperthermophilic, lithoautotrophic crenarchaeon Ignicoccus hospitalis and Nanoarchaeum

equitans, the first described member of the phylum Nanoarchaeota (42-44). Being studied in

the “pre-molecular” era, there are some examples of predatory bacteria that were not

characterized in detail. They differ from already described predators not only by morphology,

but also by invasion and division modes (45, 46). Regrettably, there are no molecular data

from those studies that would allow researchers to utilize modern tools to locate them in the

environment and study them in greater detail.

Nitrifying microbial communities

Nitrogen is the major component of the Earth’s atmosphere and one of the key elements

constituting its biosphere. The transformations between nitrogen forms are almost exclusively
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the domain of microbes (summarized in Figure 2). The bulk of biological nitrogen turnover

(fixation and assimilation) aims to provide cells with a nitrogen form that may be readily

incorporated into biomass, mainly into nucleic and amino acids. A large pool of nitrogen, the

relatively inert nitrogen gas (N2) that constitutes 78% of the atmosphere (47), is unavailable

to most organisms, and those that can tap this resource must invest a considerable amount of

energy to do so (16 ATP molecules are necessary to reduce one N2 molecule into two NH3).

A phlyogenetically diverse guild of microorganisms named diazotrophs ultimately provides

the rest of living organisms with nitrogen in its “reactive” state (47, 48), and only in the last

one and a half centuries, humans have significantly contributed to N-cycle by Haber-Bosch

process (industrial N-fixation) and fossil fuel combustion (47, 49). Reduced nitrogen forms

may also be used to fuel microbial growth; as electron donor in the stepwise oxidation to

nitrate during nitrification (50-52). Closing the loop, denitrification describes the successive

processes in which oxidized nitrogen forms serve as terminal electron acceptor in

environments devoid of oxygen, and are finally reduced to nitrogen gas (50). Additionally,

several members of the Planctomycetes phylum can exploit the anaerobic ammonia oxidation

(ANAMMOX), an energy-gaining process where ammonium is the electron donor and nitrite

the electron acceptor (53, 54).

The aerobic nitrification consists of two reactions, the oxidation of ammonia to nitrite (N

oxidation state -3 to +3) and the oxidation of nitrite to nitrate (N oxidation state +3 to +5).

The following reactions show the stoichiometry of the processes (adapted from 52):

2H+ + NH3 + 2e- + O2 → NH2OH + H2O (eq. 1)

NH2OH + H2O → HNO2 + 4H+ +4e- (eq. 2)

NO2
- + H2O → NO3

- + 2H+ + 2e- (eq. 3)

The reduction potential from the first oxidation step (combined equations 1 and 2) is

harnessed by two distinct groups of chemolitoautotrophic microorganisms, namely ammonia-

oxidising bacteria (AOB) and ammonia-oxidising archaea (AOA) (50, 52, 55-59). Nitrite

produced by AOB and AOA can be further oxidized to nitrate by chemolithoautotrophic

nitrite-oxidising bacteria (NOB). Known AOA fall within the recently proposed archeal

phylum Thaumarchaeota (60, 61). All AOB described so far are Proteobacteria, from the
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classes Beta- (genera Nitrosomonas and Nitrosospira) and Gammaproteobacteria (genus 

Nitrosococcus). Both AOA and AOB may be found in a variety of natural and artificial 

environments. To a big surprise of the scientific community, recently discovered AOA (62-

64) were found to be the driving force behind nitrification in a majority of natural habitats 

(oceans, sediments, and soils), and isolated strains seem to be adapted to a broader range of 

environmental conditions than AOB isolates (for a review see 58, 65). Less phylogenetically 

coherent are NOB. Their representatives belong to the phyla Nitrospirae (Nitrospira), 

Chloroflexi (Nitrolancea), and the classes Alpha- (Nitrobacter), Beta- (Nitrotoga), and 

Gammaproteobacteria (Nitrococcus) (66, 67). Finally, recent calculations based on a  

concatenated protein sequence dataset suggest that the abundant marine nitrite-oxidizer 

Nitrospina form a new deep branching bacterial phylum (Nitrospinae) rather than being a 

member of the Deltaproteobacteria, as originally suggested (68). Members of the Nitrospira, 

Nitrotoga, and Nitrobacter genera seem to be responsible for the bulk of terrestrial nitrite 

oxidation, while NOB active in oceans are predominantly sublineage IV Nitrospira, 

Nitrococcus, and Nitrospina. Only recently described Nitrolancea hollandica was isolated 

from sewage, and is likely to significantly contribute to nitrification only at somewhat higher 

temperatures (69), though more targeted future research might change this view.  
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Figure 2: Simplified representation of the nitrogen cycle (N-cycle) showing the major steps in
the global nitrogen turnover. The assimilation of NH4

+ into biomolecules and ammonification has
been omitted from the figure. Although the nitrogenase complex is oxygen sensitive, nitrogen fixation
can take place in aerobic conditions. Cyanobacteria, for example, developed several efficient
mechanisms to separate molecular oxygen from nitrogenase enzyme (48). Denitrification is a stepwise
process, in which NO3

- is reduced to N2 via several intermediates (NO2
-, NO and N2O). The dashed

line separates aerobic processes from anaerobic ones.

Much of our knowledge on nitrification stems from the need to better understand the

processes in waste water treatment plants (WWTPs), man-made systems that allow the

biological turnover of dissolved pollutants (nitrogen, carbon, and phosphorous) into more

manageable or inert forms. A central priority of many WWTPs is efficient nitrogen removal.

Population growth and concentration in cities has resulted in high amounts of sewage, mostly

in the form of urea. Urea is rapidly converted to ammonia either by hydrolysis or microbe-

mediated ammonification. Excess nitrogen in is toxic to aquatic life and also leads to

eutrophication, which has numerous detrimental effects on the local aquatic ecosystems (52,

56). In addition, some industries (including agriculture) can be a substantial source of

environmental pollution with reactive nitrogen forms. In man-made environments exploiting

two-step nitrification for sewage treatment, AOB seem to be major players, and despite an

occasional presence of archaeal ammonia monooxygenase (amoA) genes and members of

Thaumarchaeota in nitrifying WWTPs, their activity could not be linked to ammonia

oxidation (52, 70). In the majority of WWTPs, the nitrite oxidation is a domain of Nitrospira,

whereas in some plants operated at lower temperatures Nitrotoga is found in high numbers

(71).

Nitrifying organisms thriving in WWTPs usually grow in tight clusters and are embedded in

multispecies biofilm-like flocs. Thus, the cooperation between different microbes involved in

nitrogen turnover has received much research attention (72-75). As energy gain during

nitrification reactions is low, relatively slow growth is unavoidable for all microbes that gain

energy from aerobic nitrification (52). A biofilm embedding and concomitant close co-

localization seem to be the strategies that enable an efficient nutrient flow, from which both

partners involved in nitrification ultimately benefit. NOB have access to nitrite before it

dilutes into the surrounding medium while at the same time they prevent nitrite

concentrations reaching levels toxic for the neighboring AOB. Positioning within the biofilm

thus allow AOB and NOB to fine-tune the effective substrate and O2 concentrations (72, 74,
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76, 77). In nitrifying flocs, Nitrospira clusters typically colocalize with the clusters of AOB

(72, 77). The intimacy of this association is influenced by the niche adaptation of different

NOB to the nitrite concentrations along the concentration gradient (77). Additionally, Costa

et al. proposed that the labor is divided between nitrifying organisms in order to maximize the

ATP production rate, optimize enzyme synthesis, and to better cope with toxic metabolism

intermediates. Although an organism capable of the complete ammonia oxidation

(“comammox”) could exist in environments where a slow growth rate and a high ATP yield

per substrate would be advantageous, no such organism has been found yet (78).

Nitrifying sludge flocs are populated also by many microbes that are not directly involved in

nitrification. That nitrification can be a source of soluble microbial products (SMP), and can

support the growth of heterotrophic bacteria is well established (79-81). In experiments

where ammonia was the only available energy source, heterotrophic bacteria typically

represented 20-50% of the community in nitrifying biofilms (82-84). However, since the

initial report of nitrification-powered food web from Rittmann and colleagues (1994), studies

focusing on interactions between nitrifiers and accompanying microbes were published only

sporadically. Okabe and coworkers could associate the uptake of growth-associated and

decay-associated nitrifier products with different phylogenetic groups of bacteria (82, 85). In

these two studies, the utilization of SMP has been associated predominately with Alpha- and

Gammaproteobacteria, whereas N-acetyl-D-glucosamine (cell wall component) was

consumed by members of Chloroflexi and the Cytophaga-Flavobacterium cluster. In a

follow-up study, Chloroflexi consumed decay-associated products, whereas Cytophaga-

Flavobacteria were linked to growth-associated products secreted by AOB and NOB. No

such link could be made for the present Alpha- and Gammaproteobacteria. Aside from

aforementioned studies, little effort has been made to identify the microbes interacting with

nitrifiers and to closer illuminate the nature of such cohabitation.

Molecular tools common in symbiosis and nitrification research

Long before molecular tools were designed to analyze microbial communities in natural

samples, microbiologists realized that the majority of microbes is not readily cultivated (86).

It was therefore impossible, by existing cultivation techniques alone, to obtain an

encompassing picture of microbes in natural habitats (i.e. their diversity, their numbers, in
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situ activities, and finally interactions among them). Nevertheless, the knowledge of natural

microbial assemblages, based on cultivation approaches, has been put on a test only when

16S rRNA targeted PCR- and fluorescence in situ hybridization (FISH)-based community

analysis were introduced (87, 88). For instance, due to their higher growth rates, resistance to

higher nitrite concentration and relative ease of cultivation, almost every attempt to cultivate

NOB resulted in the isolation of Nitrobacter species. In turn, they have been considered to be

the main drivers of nitrite oxidation in man-made environments. However, this view started

to change when more and more environmental samples were analyzed with molecular

techniques (72, 89), and after less than a decade of research, Nitrospira were established as

the key NOB in WWTPs (90, 91). Both, symbiosis and nitrification research have been

exemplary cases of the use of cultivation-independent approaches in microbiology.

In the last 25 years, molecular tools have allowed invaluable insights into the microbial

abundances and structure of various communities on global scales (92-94). The full-cycle

rRNA approach (86) became the gold standard in experimental design, additionally propelled

by the rapidly growing rRNA sequence databases (95-97). PCR with primers targeting

conserved sequence regions of marker genes has evolved into an array of tools for the

description of community structures (98-100). Lately, the introduction of “next generation”

sequencing primarily characterized by (very) high read numbers, spawned numerous studies

describing microbial diversity “in depth” and we are currently witnessing a second

renaissance in microbial community profiling (101, 102). Further technical developments

reduced sequencing costs to the point, where PCR amplification is no longer necessary to

retrieve large amounts of 16S sequences from environmental samples (103). However, the

presence and/or identity of a given microbe tells little about its activity or function in that

environment (104). It is especially frustrating to characterize a species, described only by

rRNA sequence, and with no close relative existing as a culture. Cultivation in pure culture

was (and sometimes still is) necessary to study the physiology and metabolic potential of a

given microbe. Even in enrichment cultures, created by long term selection under conditions

selected by the researcher, it may be difficult to show beyond doubt which microbe is

responsible for the activity in question. Partially, this problem has been circumvented by

metagenomics (also environmental genomics; genomics of mixed community) and its spin-

off metatranscriptomics, extending community characterization to functional genes, larger

genomic fragments, or even whole genomes extracted from the environment (92, 105, 106).

Metagenomics is nowadays an invaluable tool for characterization of the genomic potential in
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a microbial community. For example, the genome of key WWTP NOB Candidatus Nitrospira

defluvii has been assembled from metagenomic data. In addition to the wealth of data

elucidating the physiology of this nitrite-oxidizer, a phylogenetic analysis of the nitrite

oxidoreductase-like enzymes led to the proposal that nitrite oxidation evolved twice, and the

machinery utilized by Nitrospira likely has a common origin with ANAMMOX (68, 107,

108). These results further support the conclusions of ultrastructure studies; while

proteobacterial members of NOB and Nitrolancea have the Nxr (short for nitrite

oxidoreductase; the enzyme that catalyzes the oxidation of nitrite to nitrate) complex located

on the inner side of their periplasmic membrane, the nitrite oxidation seems to take place in

the periplasmic space in Nitrospira and Nitrospina (107, 109). Despite its obvious

advantages, the metagenomics is not without caveats. It can, for example, be difficult to

meaningfully connect obtained sequences, especially when using modern NGS technologies

that yield high number of relatively short reads. The generation of chimeric sequences

complicates the annotation and can create gene (and thus functions) combinations that do not

exist in nature. New creative study designs show, however, high promise in minimizing such

biases (110). Alternative approach to minimize the likelihood of chimeric sequences is to

clone large genomic fragments (into fosmids), but it is laborious and costly, and only seldom

used in studies nowadays.

In parallel, FISH is not only essential for microbial enumeration; it is a vital tool for

determining the structure of natural microbial assemblages. The close cohabitation of AOB

and NOB in WWTPs, visualized with FISH, is a good example of how different microbial-

driven processes can be spatially coupled in the environment (72, 77). Furthermore, FISH has

been used to estimate microbial activity, exploiting the fact that ribosome content and growth

rate are tightly coupled in some microbes (111).  FISH (and its applicability) has been

extended by introduction of the catalyzed reporter deposition fluorescence in situ

hybridization (CARD-FISH) technique (Figure 3, for review see 112, 113). In CARD-FISH,

oligonucleotides are covalently linked to the horseradish peroxidase (HRP) enzyme rather

than to a fluorescent dye like in FISH. After hybridization, HRP catalyzes the oxidation of

tyramides (conjugates of tyramine and reporter molecules; Figure 3B), which react with

tyrosine residues of proteins and thus covalently link reporter molecules to the biomass. This

method is especially valuable when the obtained signal to noise ratios are too small with

standard FISH, which is common for cells with a low ribosome content due to dormancy or

low activity. As AOA have a relatively low ribosome content, nitrification research has
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benefited from the use of CARD-FISH to detect AOA in environmental samples or 

enrichments, illuminating their physiology, function and interaction with the environment 

(63, 70, 114). 

 

    
 

Figure 3: Comparison of rRNA targeted FISH and CARD-FISH. (A) In FISH, oligonucleotides 
with a covalently linked fluorescent dye are hybridized to the rRNA of the target cell. Given that the 
density of target rRNA molecules is high enough, labeled cells can be visualized directly. (B) CARD-
FISH utilizes an additional amplification step, in which HRP enzyme bound to hybridized 
oligonucleotides catalyzes a covalent bond formation (or deposition) between fluorescent tyramides 
and the tyrosine residues of proteins (115). As each HRP can “deposit” several tyramides, the 
fluorescent signal can be greatly amplified.   
 
 To combine the benefits of the functional gene analysis with visualizing community 

structure, considerable effort has been invested into development of methods that allow 

detection of mRNA or even single genes (116-121). None of them have, however, found a 

wide spread in study designs. In general, these methods can hardly be applied “universally” 

(without specific adaptation to the sample). It is therefore likely that microbial ecologists will 

continue to look for “single gene FISH” methods that are more rapid, universally applicable, 
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and possibly even simpler. Advances in nucleotide polymer synthesis, and possibly modified

nucleotide bases with improved hybridization properties (that will allow better mismatch

discrimination) might assist method developments in the future.

The introduction of isotope-tracer based techniques is considered as a breakthrough in the

cultivation-independent characterization of process-relevant microbes (for review see 4, 104).

When substrates enriched with suitable isotopes are added (in relevant concentrations) to

microbial communities exposed to natural or near-natural conditions, they are metabolized

and finally the tracer isotopes are incorporated into biomass. If incorporated isotopes can be

detected and at the same time accurately linked to specific community members via a suitable

marker, the metabolic function can be linked to the identity of active microbes within the

examined community. Such tools are particularly valuable for microbial ecologists,

(especially) since the mere presence of microbes, or even the presence of functional genes

and their transcripts do not guarantee their activity in situ (104). For this purpose, radioactive

isotopes were used as tracers well before the wide spread of molecular tools (122, 123).

However, only the development of microradiography combined with FISH (FISH-MAR)

allowed the simultaneous detection of active microbes in complex samples and their

identification with a high phylogenetic resolution (124). Among numerous other studies,

FISH-MAR has been used to demonstrate the ability of chemolithoautotrophic members of

the Nitrospira genus, active in nitrifying sludge, to scavenge some SMP (pyruvate) and use

them for growth (91). Over the past 10 years, however, the radioactive tracers have been

increasingly complemented by stable isotopes (primarily 13C and 15N). Improved detection

possibilities combined with a safer use quickly gained the attention of the research

community, and finally resulted in a radiation of stable isotope based methods. Nowadays,

phospholipid fatty acids (PLFA), DNA, RNA and protein stable isotope probing (125-128),

secondary ion mass spectroscopy (SIMS) imaging (104, 129), and RAMAN microscopy

based tracer detection (104, 130) are among the central tools in the environmental

microbiologist toolbox. Figure 4 summarizes the tools available to microbial ecologists for

activity studies that are based on isotope tracers.

In most stable isotope probing (SIP) approaches, only one cellular component is examined.

Increased density of nucleic acids enriched with stable isotopes that have higher atomic mass

(13C, 15N and 2H) than abundant isotopes (12C, 14N and 1H) are the basis for the DNA- and

RNA-SIP. When a sufficient degree of enrichment is achieved, labeled nucleic acids can be
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isolated by density centrifugation and separately analyzed (or rather with less “noise”).

Downstream use of rRNA sequencing or suitable fingerprinting technique (e.g. denaturing

gradient gel electrophoresis, terminal restriction fragment length polymorphism or high

throughput sequencing) allows identification of organisms that incorporated heavy isotopes

into their nucleic acids. By combining DNA- or RNA-SIP with targeted metagenomic and

metatranscriptomic approaches one may learn more about active community members

without much redundant sequencing and analysis efforts (131, 132). In PLFA and protein SIP

the markers are isolated from the bulk biomass, and for each specific marker (e.g. protein

specific for a certain group of bacteria) the amount of the incorporated isotope is determined

by mass spectrometry. Here, only minute amounts of incorporated label can be readily and

quantitatively detected. Although targeting rRNA, a method developed by Barbara

MacGregor has more in common with PLFA- and protein SIP than with standard DNA- and

RNA-SIP techniques (133). It relies on rRNA hybridization to oligonucleotide probes,

covalently linked to magnetic beads. Depending on the specificity of the probes used, rRNA

from targeted organisms (or targeted groups) can be isolated and its isotopic composition

determined by Isotope Ratio Mass Spectroscopy (IRMS). Despite their sensitivity, a

considerable disadvantage of the later methods is that one needs prior information on the

protein, PLFA, or rRNA composition of microbes in question. In contrast, DNA- and RNA-

SIP are true “discovery” methods that do not require prior knowledge of the analyzed

microbial community.  Indeed, they can be very useful tools to provide

preliminary/supporting data and generate hypotheses to be then tested in more targeted

experiments.

On the other hand, Raman microspectroscopy enables one to have a holistic look on a cell.

Cellular components have their characteristic Raman spectra and, combined together, result

in a complex “fingerprint” spectrum that can sometimes be used to identify microbes in a

sample without the need for any further reagents or tools (134-136). Raman spectra reflect

(many types of) intramolecular bond vibrations, and as these are influenced by an increased

atomic mass of stable isotopes, the isotopic composition of marker compounds can be

quantitatively determined (104). Thus, Raman microspectroscopy can be a powerful tool for

microbial ecologists, especially when combined together with FISH (130) or optical tweezers

for single cell sorting (134, 137). Being a nondestructive technique, active cells may be

isolated for further cultivation or downstream analysis. In SIMS imaging, sample-dependent

secondary ions are formed after bombardment with a focused primary ion beam. Their
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detection depends on the instrument and examined sample, but in general it offers very high

sensitivity, and can discriminate even between variations in the natural isotopic composition

(129). Further technological advancements resulted in NanoSIMS, where current instruments

are capable of analyzing samples with a lateral resolution of 50 nm and can simultaneously

monitor up to seven different ion species. NanoSIMS has been proven to be a powerful tool

in microbial ecology (for review and outlook see 138, 139), and despite its very high

purchase and operation costs, the number of instruments available to microbiologists is

steadily increasing. The research community has invested a considerable amount of effort

into improving the output of NanoSIMS studies, and in addition to “open-source” analysis

alternatives (140), several methods to unambiguously identify microbes during NanoSIMS

analysis (141-143) emerged in a relatively short time. In SIMSISH, the label (iodine) is

bound directly to an oligonucleotide, and can be deployed analogous to fluorescence dyes in

FISH. The deposition of the label in “enhanced element labeling-catalyzed reporter

deposition fluorescence in situ hybridization” (EL-FISH) and “halogen in situ hybridization-

secondary ion mass spectroscopy” (HISH-SIMS) relies, however, on the modification of the

CARD-FISH technique.

Stark difference between SIP approaches lays in the speed and precision of the analysis, and

the wealth of information that one can potentially obtain. In DNA- and RNA-SIP, a very

limited amount of samples can be processed at once (it takes 4-5 days to completely process

four samples, e.g. time points or replicates), however, when combined with modern

sequencing approaches, the microbial composition, genomic potential, and even transcription

patterns of process-relevant microbes may be analyzed in depth even for very diverse

communities. Protein and PFLA-SIP offer very high precision, and if MS instruments offer

automatic sampling, they may be optimized to analyze a high number of samples without

manual supervision. Raman microspectroscopy (in combination with optical tweezers) may

be used to isolate labeled microbes, which can dramatically reduce redundant sequencing

when the genomic analysis of active community members is the central part of the study at

hand. SIP based on NanoSIMS is notoriously slow, however, data on single cell rather than

bulk populations can be obtained. As MS data can be reconstructed as image, SIMS imaging

often yields invaluable information on cell interactions with its surroundings (13, 144, 145).

With the promise of in-depth sample analysis, the hybridization of RNA to microarrays has

been used in combination with radioactive and stable isotopes detection, enabling activity

monitoring of a large number of community members simultaneously (146, 147). Although
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community profiling with microarrays has been in demise due to modern sequencing

technologies, NanoSIMS analysis of microarrays may offer a good compromise between

isotope detection sensitivity and the number of phylotypes analyzed in a single run (147).

However, as each method brings its own biases and uncertainties, a combination of SIP

methods should be used to obtain conclusive and comprehensive results. For example, DNA-

or RNA-SIP can provide valuable hypotheses, but, depending on an experimental design, any

conclusions should be confirmed (or rejected) by FISH-MAR (148, 149) or another single-

cell imaging method.
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Figure 4: Overview of isotope labeling methods. Bold lines separate methods based on radioactive 
tracers or stable isotopes.  Dashed lines separate conceptually different mechanisms of tracer 
detection. (A) In FISH-MAR, activity can be linked to identity by parallel visualization of 
fluorescently labeled cells (by using FISH) and silver grains developed in a photographic emulsion 
overlaying labeled cells. (B) rRNA originating from target organisms can be specifically isolated by 
Single-Stranded Conformational Polymorphism (SSCP) or by capture with oligonucleotides attached 
to magnetic beads (150). Incorporated radioactive tracers are detected and quantified by scintillation 
counting. As liquid scintillation counters use a photomultiplier, these methods offer very high 
detection sensitivity. (C) If nucleic acids contain enough stable isotopes with a higher atomic mass 
than abundant isotopes, they can, due to increase in their density, be separated from unlabeled nucleic 
acids by density gradient centrifugation. This property is exploited in DNA- and RNA-SIP. (D) Mass 
Spectrometry (MS) is at the heart of many tracer detection methods. Isotope Ratio Mass Spectroscopy 
(IRMS) is used to determine stable isotope ratios in rRNA (separated by SSCP or magnetic bead 
capture), PFLA (pre-separated by chromatography), or even in bulk biomass. Protein-SIP typically 
relies on the Matrix-Assisted Laser Desorption/Ionization (MALDI)-MS, a method routinely used in 
proteomics. SIMS imaging can be used to quantitatively determine isotopes incorporated by single 
cells. Several ISH-based methods have been developed (SIMSISH, EL-FISH and HISH-SIMS) to link 
the isotopic signature with the identity of the examined cell without the need for (not always 
straightforward) aligning fluorescent image with SIMS image. (E) The isotopic composition of a 
molecule influences bond vibrations, and consequently its Raman spectrum. While Raman spectra of 
whole cells are very complex, heavy isotope-induced shifts (red shifts) of some very distinct peaks 
may be used to quantify tracer labeling on a single-cell level    



Introduction and Outline

23

Outline

The central objective of this work was to shed light on the ecology of nitrifying bacteria in

WWTPs. Chapter I therefore delineates some basic ecological concepts describing

interspecies relations in the microbial world, gives a short introduction to the nitrification and

provides the necessary information on modern experimental approaches used in nitrification

and symbiosis research. Compared to relatively well studied interactions between AOB and

NOB, only a few studies described the fate of carbon fixed by chemolithoautotrophic

nitrifying bacteria. Laboratory experiments established that energy harnessed by ammonia

and nitrite oxidation can support a diverse and abundant bacterial community. However,

since only little information on the type of interactions among the members of nitrifying

communities was reported in previous studies, the goal of presented work was to obtain

additional insight into the ecology of nitrification driven systems. To this end, RNA-SIP was

used to follow the 13CO2 fixed during nitrification through the bacterial community and

results of the study are presented in Chapter II. However, new approaches can present new

challenges. Chapter III describes the LNAzymes-based method that was developed in order

to characterize in detail the 13C labeled nitrifying community, heavily dominated by AOB and

NOB, with by Sanger sequencing. As SIP was the central method used in many studies in our

department, overcoming challenges of stable isotope detection was a part of daily

discussions. At the time a NanoSIMS instrument became available, click chemistry was

gaining popularity in molecular biology. To use the potential of click chemistry in facilitating

the identification of microbes during NanoSIMS imaging, a novel in situ hybridization-based

technique was developed, and is described in Chapter IV. The individual studies are

connected and additionally discussed in Chapter V. Finally, the Appendix 2 and 3 further

delineate some aspects of Click-FISH.
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Chemolithoautotrophic nitrifying bacteria release soluble organic compounds, which can be substrates for heterotrophic micro-
organisms. The identities of these heterotrophs and the specificities of their interactions with nitrifiers are largely unknown. In
this study, we incubated nitrifying activated sludge with 13C-labeled bicarbonate and used stable isotope probing of 16S rRNA to
monitor the flow of carbon from uncultured nitrifiers to heterotrophs. To facilitate the identification of heterotrophs, the abun-
dant 16S rRNA molecules from nitrifiers were depleted by catalytic oligonucleotides containing locked nucleic acids
(LNAzymes), which specifically cut the 16S rRNA of defined target organisms. Among the 13C-labeled heterotrophs were organ-
isms remotely related to Micavibrio, a microbial predator of Gram-negative bacteria. Fluorescence in situ hybridization revealed
a close spatial association of these organisms with microcolonies of nitrite-oxidizing sublineage I Nitrospira in sludge flocs. The
high specificity of this interaction was confirmed by confocal microscopy and a novel image analysis method to quantify the lo-
calization patterns of biofilm microorganisms in three-dimensional (3-D) space. Other isotope-labeled bacteria, which were af-
filiated with Thermomonas, colocalized less frequently with nitrifiers and thus were commensals or saprophytes rather than spe-
cific symbionts or predators. These results suggest that Nitrospira spp. are subject to bacterial predation, which may influence
the abundance and diversity of these nitrite oxidizers and the stability of nitrification in engineered and natural ecosystems. In
silico screening of published next-generation sequencing data sets revealed a broad environmental distribution of the uncul-
tured Micavibrio-like lineage.

Chemolithoautotrophic ammonia- and nitrite-oxidizing mi-
croorganisms catalyze nitrification, which is a key process of

the biogeochemical nitrogen cycle and important for excess nitro-
gen elimination from sewage in biological wastewater treatment
plants (WWTPs). Key nitrifiers in most domestic and industrial
WWTPs are ammonia-oxidizing bacteria (AOB) (1) related to the
genera Nitrosomonas and Nitrosospira (2, 3) and nitrite-oxidizing
bacteria (NOB) of the genus Nitrospira (3–5). Usually these or-
ganisms occur in tight cell clusters, which are embedded in the
extracellular matrix of biofilms or activated sludge flocs (5, 6).
Aside from the nitrifiers, most nitrifying bioreactors host a great
diversity of other organisms, most of which presumably are het-
erotrophs that feed on organic substrates present in the sewage
(7). Interestingly, however, soluble microbial products (SMP) re-
leased by the autotrophic AOB and NOB, and decaying nitrifier
biomass, also can support the growth of heterotrophs in WWTPs
(8) and in other environments such as drinking water treatment
facilities (9). Heterotrophic growth supported by nitrifiers as pri-
mary producers can be quite extensive, as heterotrophic bacteria
represented 50% of the microbial community in a nitrifying bio-
film that received ammonia and bicarbonate-CO2 as the sole en-
ergy and carbon sources, respectively (10). Accordingly, the
growth of nitrifiers and the resulting increase of heterotrophic
biomass can pose serious hygienic problems in sensitive applica-
tions such as drinking water treatment (11, 12). Dissecting the
flow of nutrients from nitrifiers to heterotrophs is a nontrivial task
that requires cultivation-independent methods to detect the in
situ uptake and assimilation of substrates. Previous studies (10,
13) applied fluorescence in situ hybridization with rRNA-targeted
probes (FISH) and microautoradiography (MAR) (14) to moni-
tor the cross-feeding of heterotrophs by nitrifiers in biofilm. This
elegant approach revealed a niche differentiation among hetero-

trophs, which fed on different radiolabeled organics (10) and me-
tabolites or cellular decay products of nitrifiers (13). These results,
which were based on the use of FISH probes covering large phy-
logenetic groups, led to the question of how specific such interac-
tions might be at a higher phylogenetic resolution. It would also be
interesting to analyze the in situ spatial distribution of the nitrifiers
and heterotrophs, because localization patterns can provide im-
portant hints about the specificity and nature of interactions
among microbes in biofilms and flocs (15).

In this study, we combined stable isotope probing of RNA
(RNA-SIP) (16) with the full-cycle rRNA approach (17) to specif-
ically identify heterotrophic bacteria that received carbon from
nitrifiers in activated sludge. Stable isotope probing has success-
fully been used to monitor the carbon flow in natural environ-
ments (18–23). Following the incubation of activated sludge with
H13CO3

� and NH4
� or NO2

�, 13C-labeled RNA was separated
from unlabeled RNA by isopycnic centrifugation. To facilitate the
identification of heterotrophs, we used novel locked nucleic acid
enzymes (LNAzymes) (24) to specifically deplete the 16S rRNA of
AOB and NOB in the complex RNA mixture prior to the isopycnic
centrifugation. The 16S rRNA in the separated fractions was re-
verse transcribed and PCR amplified, and the amplicons were
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characterized by terminal restriction fragment length polymor-
phism (T-RFLP) analysis, cloning, and sequencing. Once the 16S
rRNA sequences of potential cross-feeding heterotrophs had been
obtained by RNA-SIP, we designed specific FISH probes to detect
the respective organisms in situ. Most interestingly, this approach
revealed a previously unknown interaction between Nitrospira-
like NOB and an uncultured alphaproteobacterium. The high
specificity of this interaction was demonstrated by quantifying the
spatial localization patterns of these organisms in the sludge flocs.

MATERIALS AND METHODS
Sludge sampling and stable isotope labeling. Activated sludge samples
were collected from a full-scale nitrifying sequencing batch reactor of the
municipal WWTP of Ingolstadt, Germany. The suspended biomass was
diluted 1:8 (vol/vol) in sludge supernatant, and 30-ml aliquots of the
diluted sludge were incubated in the dark in six 100-ml sterilized crimp-
sealed flasks in a water bath set at 23°C (the temperature in the WWTP
reactor was 20°C) with horizontal shaking (60 rpm). Ammonium (0.25
mM) was added to two flasks, one containing also NaH13CO3 (2 mM) and
the other one NaH12CO3 (2 mM). Two other flasks, also containing either
[13C]bicarbonate or [12C]bicarbonate, were amended with 0.25 mM ni-
trite. During the incubation, ammonium and nitrite were replenished by
adding, on average, 50 �l of a NH4Cl or NaNO2 stock solution (final
concentration, 0.25 mM) every 3 h with an automated peristaltic pump. A
preliminary experiment had shown that this rate of feeding did not cause
accumulation of ammonium or nitrite, respectively (data not shown).
These incubations were done to label with 13C first the autotrophic AOB
or NOB and subsequently any heterotrophs feeding on 13C-labeled exu-
dates or biomass of nitrifiers. The experiments including [12C]bicarbon-
ate were controls for SIP. To distinguish carbon fixation by AOB or NOB
from nitrifier-independent anaplerotic CO2 fixation (25), the last two
flasks were amended only with NaH13CO3 or NaH12CO3 and contained
neither ammonium nor nitrite. The headspace of all flasks was aerated, by
using an automated air pump, every 4 h for 2 min. The depletion of
ammonium in the respective flasks was regularly confirmed colorimetri-
cally (26), whereas the use of nitrite was monitored by using nitrite test
stripes (Merckoquant; Merck, Darmstadt, Germany). The pH was ad-
justed daily to 7.5 by adding appropriate amounts of 175 mM
[12C]NaHCO3 or [13C]NaHCO3 (the final concentration of HCO3

� was 5
to 10 mM). Prior to the start of the incubation and at selected time points
(12 h, 36 h, 4.5 days, 12 days, 21 days, and 41 days), 1 ml of each culture
was fixed in 2% (vol/vol) formaldehyde for 3 h at 4°C, and 4 ml of each
culture was subdivided into four equal aliquots. The sludge in these ali-
quots was shortly allowed to settle by gravitation, the supernatant was
removed, and the concentrated sludge was frozen in liquid N2. Fixed
aliquots were resuspended in a 1:1 mixture of 1� phosphate-buffered
saline and 96% (vol/vol) ethanol and kept at �20°C, whereas frozen ali-
quots were stored at �80°C until further use.

Nucleic acid extraction. Frozen activated sludge pellets were resus-
pended in 1 ml of TRIzol (Invitrogen, Carlsbad, CA). The suspension was
transferred into Lysing Matrix A tubes (MP Biomedicals, Solon, OH), and
cells were disrupted in a bead beater (Bio 101, Vista, CA) at 6.5 m/s for 45
s. Subsequently, RNA and DNA were extracted according to the recom-
mendations provided with TRIzol. DNA was removed from RNA prepa-
rations by DNase I (Sigma-Aldrich, St. Louis, MO) digestion in a modified
(slightly lower pH and addition of CaCl2) DNase I buffer (20 mM Tris-
HCl [pH 8.0], 2 mM MgCl2, 0.2 mM CaCl2) for 45 min at 37°C. After the
digestion, the RNA was extracted again with TRIzol.

Isotope ratio mass spectrometry (IRMS). The 13C content of total
extracted RNA was measured on days 12, 21, and 41 to determine the
incorporation of 13C into biomass during the incubations. RNA concen-
trations were determined using a NanoDrop ND-1000 spetrophotometer
(NanoDrop Technologies, Wilmington, DE). An aliquot of 500 ng of
RNA was added into a tin capsule already containing 7 �g of unlabeled
proline-sucrose solution. This spiking was necessary to increase the total

amount of C and to improve the reliability of measuring the 13C content in
small amounts of 13C-enriched RNA. Samples were dried at 60°C over-
night and analyzed by an elemental analyzer (EA 1110, CE Instruments,
Wigan, United Kingdom) coupled via a ConFlo III device to the isotope
ratio mass spectrometer (DeltaPLUS; Thermo Fisher Scientific). The 13C
content of the RNA was calculated according to the following formula:
atoms percent 13CRNA � (atoms percent 13Ctotal � Ctotal � atoms percent
13Cspike � Cspike)/(Ctotal � Cspike).

LNAzyme digestion. The LNAzymes used in this study were pur-
chased from Exiqon (Vedbaek, Denmark) and are listed in Table S1 in the
supplemental material. The LNAzyme-mediated depletion of the native
16S rRNA of AOB and NOB was carried out as described elsewhere (24).
We simultaneously applied two LNAzymes with helper probes (see Table
S1) to achieve a significant depletion of the target 16S rRNA types of
nitrifiers. After cleavage, the LNAzymes were digested with DNase I for 45
min at 37°C. Subsequently, 10 �l of 50 mM EDTA was added, and DNase
I was inactivated by heating the mixture to 70°C for 10 min. After this step,
the noncleaved rRNA (of microorganisms other than the known nitrifi-
ers) was ready for isopycnic centrifugation.

Isopycnic centrifugation. Cesium trifluoroacetate (GE Healthcare,
Munich, Germany) density gradients were prepared as described by
Whiteley et al. (27). A total of 500 ng of RNA was added to the gradient
solution, which had a starting density of 1.8 g/ml. OptiSeal tubes (4.9 ml)
filled with the gradient solution were sealed and spun in a VTi 90 rotor in
an Optima L-100 XP ultracentrifuge (Beckman Coulter, Brea, CA) at
130,000 � g for 72 h. The gradients were then fractionated by displacing
the gradient solution with water by using a syringe pump (World Preci-
sion Instruments, Sarasota, FL) at a flow rate of 0.75 ml/min. Fractions
were collected at intervals of 20 s, and the density of each fraction was
determined by using a digital refractometer (AR 200; Reichert Analytical
Instruments, Depew, NY). Glycogen (30 �g; Ambion, Austin, TX) and 2
volumes of ice-cold isopropanol were added to each of the fractions,
which then were stored at �20°C until further processing. To precipitate
RNA, the samples were centrifuged at 14,000 � g at 4°C for 20 min. The
supernatant was discarded, and the pellet was washed with 500 �l of
ice-cold 70% (vol/vol) ethanol and again centrifuged (14,000 � g and 4°C
for 5 min). After brief air-drying, the pellet was resuspended in 50 �l of
diethyl pyrocarbonate (DEPC)-treated water and stored at �80°C. To
treat water with DEPC, 1 ml of DEPC was added to 1 liter of ultrapure
water (Milli-Q; Millipore, Bedford, MA) in a prebaked (180°C for 6 h)
glass bottle. This water was then stirred for 24 h on a magnetic stirrer and
finally autoclaved (121°C for 15 min) before use.

PCR and RT-PCR. All PCRs and reverse transcriptase PCRs (RT-
PCRs) were performed as described in reference 24. The primers used in
this study for PCR and RT-PCR are listed in Table S1 in the supplemental
material and were obtained from Thermo Fisher Scientific (Ulm, Ger-
many). For PCRs and for RT-PCRs, the nucleic acid templates were di-
luted 1:10 in ultrapure water in order to avoid PCR inhibition by highly
concentrated template or inhibitory compounds.

T-RFLP. For T-RFLP analysis, primer 8F (see Table S1 in the supple-
mental material) labeled with 6-carboxyfluorescein (6-FAM) was used in
PCRs or RT-PCRs. Amplicons of the correct size were excised from aga-
rose gels and purified by using the QiaQuick gel extraction kit (Qiagen).
BesTRF software (28) was used to determine which restriction enzyme
yielded the optimal resolution of T-RFLP for specific phylogenetic
groups. Approximately 100 ng of purified amplicons was digested for 3 h
at 37°C using either the restriction endonuclease MspI or RsaI (Fermen-
tas). The digestion products were analyzed by using an ABI 3130xl genetic
analyzer (Applied Biosystems, Foster City, CA) and PeakScanner 1.0 soft-
ware (Applied Biosystems). An in-house Perl script was used to remove an
artifact peak that was present in all T-RFLP profiles in this and a previous
(24) study. Real peaks were distinguished from noise by using the method
described by Abdo et al. (29) and by using the Perl and “R” scripts pro-
vided on their website (http://www.ibest.uidaho.edu/tools/trflp_stats
/index.php).
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Cloning, sequencing, and phylogenetic analysis of 16S rRNA genes.
Cloning and sequencing of PCR-amplified 16S rRNA genes were per-
formed as described elsewhere (24). The obtained 16S rRNA gene se-
quences were aligned using the SINA Webaligner (http://www.arb-silva
.de/aligner) and imported into ARB (30) using the SILVA 108 sequence
database (31). The sequence alignments were refined manually. Phyloge-
netic trees were computed by maximum likelihood analysis (RAxML
[32]) with a 50% conservation filter for Bacteria. Chimeric sequences were
detected by independent phylogenetic analyses of the first, central, and
last �300 base positions. Sequences showing unstable phylogenetic affil-
iations in these tests were further inspected for anomalies by using Mal-
lard software (33).

Next-generation sequencing (NGS) reads of 16S rRNA gene ampli-
cons from environmental samples were extracted from the SRA (34) and
VAMPS (http://vamps.mbl.edu/resources/databases.php) databases on 4
and 5 June 2012. The sequence data sets (see Table S4 in the supplemental
material) were downloaded manually according to the classification of
“ecological metagenomes” provided by the NCBI Taxonomy Browser
(http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode
�Root). NGS data sets from the same kind of environment were saved in
a common folder on disk for subsequent processing. Raw fasta files were
produced from fastq files by using the fastq-dump program of the sratool-
kit software suite (version 2.2.0), which is available on the SRA website.
Sequences longer than 200 bp were then collected in newly created, spe-
cific databases for each kind of environment by using tools of the BLAST�
suite (35). These databases were searched by BLAST (36) using the Mica-
vibrio-like P7H12 clone sequence (JQ815012), representatives of different
Nitrospira lineages, and known predatory bacteria as queries (see Table S3
in the supplemental material). To avoid false-positive hits due to partial
sequence similarities, the BLAST results were filtered by a self-written Perl
script to exclude all NGS reads, whose alignment to the most similar query
sequence was shorter than 80% of the NGS read length and whose se-
quence similarity to the query along this aligned region was below 97%.
The 80% alignment length threshold was chosen because the raw NGS
reads still contained barcode and primer sequences, and because the se-
quence read quality was often low toward the 5= and 3= ends. The hits
which met the minimal alignment length and similarity criteria were
counted for each query organism.

Probe design, FISH, and digital image analysis. 16S rRNA-targeted
oligonucleotide probes specific for organisms identified in this study were
designed by using the “Probe Design” and “Probe Match” tools of ARB
(30). To determine the optimal stringent hybridization conditions, form-
amide concentration series (37) were carried out using the new probes
and activated sludge, which was collected during our experiments and
contained the respective target organisms according to the T-RFLP data.
FISH with rRNA-targeted oligonucleotide probes was performed accord-
ing to reference 38 with the probes listed in Table S1. Probes labeled with
FLUOS or with the dye Cy3 or Cy5 were obtained from Thermo Fisher.
Stacked optical sections (z-stacks) of probe-labeled bacteria in sludge flocs
were recorded by using a Zeiss LSM 510 Meta confocal laser scanning
microscope equipped with two HeNe lasers (543 and 633 nm, respec-
tively) and one argon laser (458, 477, 488, and 514 nm). The xy resolution
of the images was 512 by 512 or 1,024 by 1,024 pixels, and the axial dis-
tances between the images in the z-stacks were 0.25 to 0.5 �m. Biomass
objects of probe-target organisms were detected by three-dimensional
(3-D) image segmentation based on voxel intensity thresholding by the
RATS-L method (39). The detected 3-D objects (cells and cell aggregates)
were counted automatically by using our image analysis software daime
(39). The spatial arrangement patterns of probe-target organisms were
quantified in z-stacks by a new 3-D implementation of the original 2-D
“Inflate Algorithm” (15) that is part of the daime software. In all these
analyses, the Micavibrio-like alphaproteobacterium was the “analyzed
population.” The “reference population” was either sublineage I Nitro-
spira or other NOB (sublineage II Nitrospira). In the 3-D version of the
algorithm, all biomass objects of the reference population are virtually

and iteratively enlarged (“inflated”) in 3-D space by 3-D dilations with a
spherical structuring element (see Fig. S1 in the supplemental material).
The size of the structuring element determines the increase in size (in �m)
of the inflated objects after each dilation. Thus, a given number of dila-
tions also indicates a particular distance in 3-D space from the original,
not dilated objects of the “reference” population. After each dilation, the
overlapping voxels of the inflated “reference” population and the unmod-
ified “analyzed” population are counted (Fig. S1). From this number, we
subtract the number of voxels that overlapped after the previous dilation.
The result is divided by the total number of voxels that belong to the
analyzed population in the z-stack. This fraction represents the density of
the analyzed population at the current distance from the reference popu-
lation. The current distance (in �m) is inferred from the respective num-
ber of dilations (see above). As a null hypothesis, we assume that the
populations are randomly distributed. This is tested by repeating the
whole procedure with artificial image stacks, which contain the real refer-
ence population and an in silico-generated and randomly distributed an-
alyzed population, whose overall density in the image stack is equal to that
of the real analyzed population. The fractions of overlapping voxels,
which have been obtained with the real images, are divided by the respec-
tive fractions obtained with these artificial images. Then a value of 1 indi-
cates random distribution of the real analyzed population at the respective
distance. Finally, these normalized values are plotted against the corre-
sponding distances (in �m) between the reference and analyzed popula-
tions. In these plots, values of 1 indicate random spatial distribution of the
populations, values of �1 indicate coaggregation, and values of 	1 indi-
cate mutual avoidance. Further details of the algorithm are provided in
reference 15. 3-D visualizations of confocal image stacks were rendered by
the daime software.

Nucleotide sequence accession numbers. The nucleotide sequences
obtained in this work have been deposited in the GenBank database (ac-
cession numbers JQ814956 to JQ815075).

RESULTS
Stable isotope probing and phylogenetic analyses. A quick pre-
screening analysis of the extracted (but not LNAzyme-treated)
RNA by IRMS showed a substantial increase of its 13C content
during the incubation of activated sludge with ammonium
(Fig. 1). This increase is consistent with the expected autotrophic
fixation of the added [13C]bicarbonate by the nitrifiers. During the
incubations with nitrite, the increase of the 13C content was much
weaker (Fig. 1), and as expected, no increase was observed in the

FIG 1 13C content of RNA, which was extracted from activated sludge incu-
bated with H13CO3

�, as measured by IRMS. Circles represent the experiment
with NH4

� as the energy source and H13CO2
� as the carbon source, diamonds

the experiment with NO2
� and H13CO2

�, and triangles the control experi-
ment without any added energy source and H13CO2

�.
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absence of ammonia and nitrite (Fig. 1). We assumed that a suc-
cessful SIP-based identification of heterotrophs that received car-
bon from nitrifiers would require a considerable incorporation of
13C into their rRNA. Hence, we did not further analyze the sam-
ples that were incubated with nitrite due to the relatively weak 13C
labeling. Instead, we focused on the incubations with ammonium
and on the negative control without any added energy source.
RNA extracted from these samples after 21 days of incubation was
subjected to isopycnic centrifugation and subsequent bacterial
16S rRNA-specific RT-PCR and T-RFLP analysis. Although the
13C labeling had been even stronger after 41 days (Fig. 1), we did
not analyze this time point, because we assumed an increasing
amount of rRNA from nonnitrifiers to be labeled due to carbon
exchange among heterotrophs instead of direct carbon transfer
from the nitrifiers. As expected, after incubation with ammonium
and H13CO3

�, the 16S rRNA in the heaviest fractions of the den-
sity gradient (density � 1.82 g/ml) was dominated by 16S rRNA of
AOB and NOB, as the T-RFLP profiles obtained from these frac-
tions contained prominent peaks characteristic for these organ-
isms (data not shown). This result was confirmed by RT-PCR and
cloning of 16S rRNA from these fractions and by sequencing of 45
randomly selected clones, which all carried 16S rRNA genes re-
lated to Nitrosomonas or Nitrospira (data not shown). The domi-
nance of labeled 16S rRNA from nitrifiers complicated the iden-
tification of other organisms that were 13C labeled during the
experiment and thus had received labeled carbon from the nitri-
fiers. A conceptually simple solution would be to sequence large
numbers of randomly selected clones, possibly after prescreening
the clones by restriction fragment length polymorphism analysis
or a similar technique, in order to find cloned 16S rRNA genes of
nonnitrifiers. We wanted to avoid such a labor-intensive screen-
ing and sequencing of many clones and decided to use a method
that would further improve the sensitivity of T-RFLP, where dom-
inant nitrifier peaks might mask changes of peaks belonging to
other organisms. Therefore, we applied catalytic oligodeoxyribo-
nucleotides containing locked nucleic acids (LNAzymes) that
cleave target RNA molecules with a high specificity at a defined site
(40, 41). If specific LNAzymes cleave native rRNA molecules be-
tween the primer binding sites, the cleaved rRNA is not amplified
during RT-PCR (see Fig. S2 in the supplemental material). Hence,
appropriate LNAzymes can be used to deplete selected dominant
rRNA types in a complex mixture, and this depletion leads to a
relative increase in the abundance of rarer sequence types (24).
Consequently, we repeated the isopycnic centrifugation of RNA,
but prior to this step, we used previously developed LNAzymes
targeting the genera Nitrosomonas and Nitrospira (24) (see Table
S1 in the supplemental material) to deplete the 16S rRNA mole-
cules of these nitrifiers. RT-PCR and T-RFLP analysis were per-
formed as described above. Based on a comparison of the resulting
T-RFLP profiles to the profiles obtained without LNAzyme treat-
ment, this approach resulted in a 4-fold decrease of the 16S rRNA
genes of nitrifiers from the heavy fractions of the density gradient
(data not shown). Thus, the identification of other 16S rRNA
types was greatly facilitated. Nevertheless, 13C-labeled 16S rRNA
from nitrifiers still was abundant in the heavy RNA fractions,
showing that the LNAzyme-based digestion of their rRNA was not
complete (Fig. 2).

Like for the non LNAzyme-treated sample, a 16S rRNA gene
library was established from the heavy fraction (density � 1.823
g/ml) of the LNAzyme-treated RNA sample (incubated for 21

days with H13CO3
� and NH4

�) after RT-PCR. Approximately
900-bp-long sequences were obtained from 120 randomly se-
lected clones. Based on a 97% sequence similarity threshold, 37
operational taxonomic units (OTUs) were defined, which were
distributed across 10 bacterial phyla (see Table S2 in the supple-
mental material). The most frequent OTUs in the library repre-
sented AOB (OTUs 2 to 4; 10.8% abundance), NOB (OTUs 30 to
32; 45% abundance), Micavibrio-related alphaproteobacteria
(OTU 9; 5% abundance), Thermomonas-related betaproteobacte-
ria (OTU 5; 5% abundance), and a member of the phylum Bacte-
roidetes (OTU 17; 5.8% abundance) (see Table S2).

Based on the 16S rRNA sequences, which had been retrieved
from the sample incubated with NH4

� and after LNAzyme treat-
ment of the RNA, we could assign additional T-RFLP peaks to
organisms in the T-RFLP profiles. As expected, the terminal re-
striction fragments (T-RFs) belonging to AOB or NOB increased
in relative abundance in the heavy fractions after incubation with
NH4

� and [13C]bicarbonate (Fig. 2). However, if the RT-PCR
products were cleaved by the restriction endonuclease MspI, an
additional 436-nucleotide-long T-RF was identified to be abun-
dant in the clearly 13C-labeled fractions and also in the lighter
fractions (Fig. 2). According to an in silico analysis, several differ-
ent alphaproteobacterial sequences from the clone library could
have yielded this T-RF. Analyses of the sequences by BesTRF soft-
ware (28) showed that the restriction enzyme RsaI would allow us
to distinguish these alphaproteobacterial sequences in the T-RFLP
profiles. Indeed, T-RFLP analyses using RsaI revealed that the
aforementioned prominent T-RF from the 13C-labeled (heavy)
fractions represented the Micavibrio-like alphaproteobacterial
OTU that was also abundant in the 16S rRNA gene library (see
Table S2 and Fig. S3 in the supplemental material). Another T-RF
representing a gammaproteobacterial, Thermomonas-like OTU
(see Table S2) was detected mainly in fractions of intermediate
density (Fig. 2; see also Fig. S3 in the supplemental material),
indicating that this group was not 13C labeled as strongly as the
Micavibrio-like alphaproteobacterial OTU. The T-RFLP analyses
of the density fractions showed that for all other detected organ-
isms, the ratio of labeled to unlabeled RNA was lower than for the
Micavibrio-like and Thermomonas-like OTUs. For example, al-
though a high number (5.8%) of clones from the heavy RNA
fraction belonged to the Bacteroidetes (see Table S2), the majority
of this population was detected in the light fractions and thus was
mainly unlabeled (Fig. 2; see also Fig. S3 in the supplemental ma-
terial).

None of the aforementioned T-RFs increased in relative abun-
dance in the heavy density gradient fractions after incubation of
the activated sludge with [12C]bicarbonate (Fig. 2). This result
confirmed that the increase, which was observed with [13C]bicar-
bonate, was not an artifact but resulted from the incorporation of
13C into the RNA of the respective organisms. Consistently, in the
control experiments with [13C]bicarbonate but without added
NH4

� or NO2
�, the T-RFs of the nitrifiers and of the Micavibrio-

like bacteria did not increase in the heavy compared to the light
fractions (Fig. 2). No T-RF of the Thermomonas-like OTU was
detected in these experiments. Thus, the labeling of the Ther-
momonas- or Micavibrio-like organisms was detectable only after
incubation of the sludge with ammonium and was most likely not
due to heterotrophic CO2 fixation, which could in principle also
cause positive signals in SIP experiments (25).

In situ detection of nitrifiers and heterotrophs. FISH with
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FIG 2 Relative abundances of T-RFs, after digestion with MspI, which represent key nitrifying and heterotrophic populations in the light and heavy fractions of
the density gradients after RNA-SIP. The analysis was conducted after the samples had been incubated for 21 days. Error bars show 1 standard deviation (two
replicates). Missing data points indicate that no PCR amplicon could be obtained at these gradient densities in the respective experiment. Circles represent the
experiment with NH4

� as the energy source and H13CO2
� as the carbon source, squares the control experiment with NH4

� and H12CO2
�, and triangles the

control experiment without any added energy source and H13CO2
� (in this control experiment, Thermomonas T-RF 190 was not detected above the threshold

applied for peak calling). Note the different y axis scales in the graphs.
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specific 16S rRNA-targeted oligonucleotide probes (see Table S1
in the supplemental material) was used to confirm that the organ-
isms, which had clearly been labeled by 13C according to SIP,
indeed were present in the activated sludge samples. As expected,
betaproteobacterial AOB and Nitrospira-like NOB were abundant
in the original activated sludge from the WWTP and in the incu-
bated samples. By using suitable probes (42), Nitrospira of the
phylogenetic sublineages I and II of this genus (5) could be distin-
guished and were found to coexist in the sludge. All detected AOB
and NOB formed tight microcolonies embedded in the sludge
flocs. They frequently occurred in close spatial vicinity, which re-
flects their mutualistic symbiosis (4, 43). FISH with the newly
designed probe Thmm115, which targets the Thermomonas-like
betaproteobacterium (see Table S1 in the supplemental material),
detected small (1- to 1.3-�m) rod-shaped cells. These organisms
did not form aggregates, but they occasionally agglomerated in the
neighborhood of nitrifiers (Fig. 3). However, loose aggregations of
Thmm115-labeled cells were also found at large distances from
any detectable nitrifiers, and no specific spatial coaggregation pat-
tern of these populations was observed. Consistent with the T-
RFLP data, the Thermomonas-like organism was most abundant
in the samples from day 21 of the incubations supplemented with
ammonium. It was not detected by FISH and T-RFLP in the orig-
inal activated sludge.

Both newly designed oligonucleotide probes targeting the
Micavibrio-like organism (see Table S1 in the supplemental mate-
rial) detected short (0.7- to 1-�m) cells that were almost exclu-
sively found in the direct vicinity of Nitrospira sublineage I cell
colonies (Fig. 4). This very close spatial colocalization was ob-
served in all investigated incubated samples and in original acti-
vated sludge collected at different time points. While only few of
the probe-labeled Nitrospira cell aggregates colocalized with the
Micavibrio-like bacterium, the latter was almost never found at
larger distances away from Nitrospira sublineage I. Interestingly,

we found several Nitrospira colonies that were surrounded by Mi-
cavibrio-like cells, which seemed to be attached to the surface of
the Nitrospira clusters and sometimes appeared to have migrated
or grown into the Nitrospira aggregates (Fig. 4A, C, and D). Oc-
casionally, Micavibrio-like cells were found close to weakly fluo-
rescent FISH-labeled Nitrospira clusters (Fig. 4B). To verify the
qualitative observation that the Micavibrio-like organism and sub-
lineage I Nitrospira specifically coaggregated, we applied digital
image analysis to quantify the spatial distribution patterns of the
nitrifiers and the Micavibrio-like bacteria. Previously developed
algorithms for spatial analyses of microbial populations (15, 39)
process batches of 2-D images, which must be taken at random x,
y, and z positions within a specimen. This approach works best if
the target populations are so abundant that they occur in most of
the recorded images. The Micavibrio-like bacteria, however, were
rare in the sludge samples. They would have been found only in a
very few of the randomly taken 2-D images, which might not
contain sufficient information about localization patterns with
other organisms. This problem was solved by a 3-D approach that
analyzed a larger volume around the few detected Micavibrio-like
bacteria and thus lowered the risk of overlooking colocalized other
bacteria. We acquired 3-D confocal z-stacks at four positions
where the Micavibrio-like organism was detected and recorded the
fluorescent signals of the different FISH probes targeting this bac-
terium, sublineage I Nitrospira, and sublineage II Nitrospira. The
recorded volumes ranged from 33,203 to 71,150 �m3. Automated
counting of 3-D objects by the daime software revealed that the
image stacks together contained at least 538 Micavibrio-like cells
and small cell aggregates, 236 cell clusters of sublineage I Nitro-
spira, and 502 cell clusters of sublineage II Nitrospira. The count of
Micavibrio-like bacteria is an underestimation, because the soft-
ware could not split all adjacent Micavibrio-like cells in the 3-D
images prior to counting. Of the 236 sublineage I Nitrospira cell
clusters, 9 (3.8%) were surrounded by Micavibrio-like bacteria.
The multicolor z-stacks were analyzed by a new 3-D implementa-
tion of the 2-D “Inflate Algorithm” (15) as described in Materials
and Methods. These analyses confirmed a very pronounced coag-
gregation of the Micavibrio-like organism with sublineage I Nitro-
spira within short distances, below 2 �m (Fig. 5A). Beyond this
distance range, the density of Micavibrio was lower than expected
if the populations were randomly distributed (Fig. 5A). As only a
few cell clusters of sublineage I Nitrospira were surrounded by
Micavibrio-like cells (see above), this result shows that the ten-
dency to coaggregate was a feature of Micavibrio only and not of
Nitrospira. In contrast, the spatial arrangement pattern of the
Micavibrio-like bacterium and sublineage II Nitrospira lacked any
coaggregation signal (Fig. 5B).

Screening of NGS data sets for Micavibrio-like bacteria. An in
silico screening of published NGS data sets detected organisms,
which are closely related to the Micavibrio-like bacterium ana-
lyzed in this study, in other bioreactors and in freshwater, soil, and
extreme (e.g., hydrothermal vents) environments (see Fig. S4 in
the supplemental material). Interestingly, the percentages of se-
quence reads from these organisms were similar to the percent-
ages of reads from some known obligate bacterial predators,
which were also detected in the same habitat types. However, the
frequency of all considered predators ranged over several orders of
magnitude in most data sets (see Fig. S4).

FIG 3 Fluorescence micrograph showing the Thermomonas-like organism
(red), Nitrospira (cyan), and other bacteria (green) detected by FISH in acti-
vated sludge. Applied probes were Thmm115 (labeled with Cy3), Ntspa662
(labeled with Cy5), and the EUB338 probe mix (labeled with FLUOS). The
Thermomonas-like bacterium appears more red than yellow due to a weak
EUB338 signal obtained for this organism. Bar � 10 �m.
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DISCUSSION

Nitrifying microorganisms, which fix inorganic carbon, can sup-
port the growth of heterotrophic organisms by excreting organic
compounds or by providing substrates to saprophytes after cell
lysis (8, 13). Although nitrifiers might have important functions as
primary producers, in addition to their roles in nitrogen cycling,
little is known about the specificity and nature of their interactions
with heterotrophs in engineered or natural ecosystems. It remains
largely unexplored which heterotrophs benefit from AOB and/or
NOB and whether these organisms are mutualistic symbionts,
merely commensals or saprophytes, or even parasites of the nitri-
fiers. Experiments using radiolabeled substrates and FISH-MAR
successfully started to dissect the complex food web in nitrifying
activated sludge (10, 13). This approach is efficient if broad group-
specific FISH probes are used in the FISH-MAR experiments, but
it lacks the high phylogenetic resolution that may be needed to
identify specific biological interactions. An alternative would be to
establish from the sample a general 16S rRNA clone library and
use this sequence information to design many (possibly hun-
dreds) highly specific FISH probes, which could then be used in
numerous FISH-MAR experiments to specifically identify the
substrate-labeled organisms. This “brute force” approach would
be very tedious and time-consuming and may easily overlook rare

organisms that are underrepresented in the clone library.
Therefore, we followed a different strategy and applied RNA-
SIP, which is a true discovery tool that directly identifies also
unknown isotope-labeled organisms and provides access to
their 16S rRNA sequences for further analysis. Subsequently,
we completed the full-cycle rRNA approach (17) by using FISH
with newly designed probes to detect two isotope-labeled pu-
tative heterotrophs in situ.

Stable isotope probing. Betaproteobacterial AOB and Nitro-
spira-like NOB were expected to be active and fix inorganic carbon
during the incubations of activated sludge in the presence of
NH4

�, whereas only NOB should be active nitrifiers during the
incubations with NO2

�. Consistently, 16S rRNA genes of both
AOB and NOB were abundant in a clone library established from
13C-labeled RNA after incubation with ammonium and H13CO3.
The weak 13C labeling of RNA in the late phase of the incubation
with NO2

� indicates an unexpectedly low carbon fixation and/or
ribosome biosynthesis by Nitrospira under the applied conditions,
although nitrite was removed during this incubation (data not
shown) and the supplied nitrite concentration (0.25 mM) should
have supported the growth of Nitrospira spp. (42), which are
adapted to relatively low nitrite concentrations (44–46). This out-
come of the incubations with NO2

� did not impair our study,

FIG 4 Three-dimensional visualization showing the coaggregation of the Micavibrio-like bacterium with sublineage I Nitrospira. (A) Micavibrio-like cells (red)
attached to a cell aggregate of sublineage I Nitrospira (blue). Other nitrifiers (AOB and sublineage II Nitrospira) are shown in cyan. Applied probes were HSAL723
and HSAL866 (both labeled with Cy3), Ntspa662 (labeled with Cy5, rendered as blue), Ntspa1151 (labeled with FLUOS, rendered as cyan), and NEU,
Cluster6a192, and Nso1225 (labeled with FLUOS, rendered as cyan). (B) Micavibrio-like cells surrounding a partly dark (possibly degraded) sublineage I
Nitrospira cell aggregate. Colors and probes are like in panel A. (C) Micavibrio-like cells (red) attached to a cell aggregate of Nitrospira (probe Ntspa662; blue).
(D) Same position as shown in panel C, but Nitrospira clusters are rendered semitransparent to show that Micavibrio-like cells also penetrated the inner parts of
the Nitrospira cell colonies.
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because the experiments with NH4
� allowed us to analyze inter-

actions of heterotrophs with AOB and NOB.
The 16S rRNA sequences of 13C-labeled heterotrophs were dif-

ficult to obtain due to the dominance of 16S rRNA from nitrifiers
in the 13C-labeled RNA fraction. This problem was solved by ap-
plying LNAzymes, which can strongly facilitate the detection of
rare organisms in highly uneven microbial communities (24). In
this study, the use of LNAzymes helped us to obtain from the
heavy rRNA fraction several sequences of organisms not known to
be nitrifiers (see Table S2 in the supplemental material). Two of
these organisms, a Thermomonas- and a Micavibrio-like bacte-
rium, were 13C labeled in the presence of NH4

� as indicated by the
T-RFLP profiles from the light and heavy fractions and the control
experiments (Fig. 2; see also Fig. S3 in the supplemental material).
The other organisms (see Table S2) may also have obtained 13C

from nitrifiers, but the labeling was too weak to be confirmed by
the combination of SIP and T-RFLP analysis. In addition,
LNAzyme 215 is not perfectly specific and might thus have cleaved
the 16S rRNA of some nonnitrifiers (see Table S1). As the original
activated sludge samples and the RNA preparations had not been
screened for presence of these nonnitrifiers prior to LNAzyme
treatment, we cannot exclude the possibility that unspecific action
of LNAzyme 215 hampered their detection in our experiments. To
confirm uptake of small amounts of carbon from nitrifiers by the
other putative heterotrophs (see Table S2), a more sensitive
method like FISH-MAR with H14CO3

� could be used in future
experiments with newly designed FISH probes that target the se-
quences obtained by SIP.

In situ analysis and lifestyle of the Thermomonas- and Mica-
vibrio-like bacteria. In this study, we focused on the two potential
heterotrophs that were labeled according to SIP. FISH showed
that one of these organisms, the Thermomonas-like bacterium,
sometimes occurred in the spatial neighborhood of nitrifiers
(Fig. 3) but also grew far away from any known AOB and NOB.
Together with the relatively weak 13C labeling, this distribution
pattern suggests that the Thermomonas-like organism is not a spe-
cific symbiont of nitrifiers but a heterotroph that occasionally
takes up soluble organic products excreted by nitrifiers, or sub-
strates set free due to the decay of nitrifier biomass, or extracellular
polymeric substances (EPS) that enclose the microcolonies of ni-
trifiers. This lifestyle would be consistent with the properties of the
closely related isolate Thermomonas brevis, which was obtained
from a denitrifying bioreactor, reduces nitrate and nitrite, and
grows on a variety of substrates, including sugars and N-acetyl-
glucosamine (47). Its transiently high abundance in our incuba-
tions but not the original sludge indicates that this organism was
only temporarily favored, either by the incubation conditions or
by biotic factors such as the decline and cell lysis of another pop-
ulation in the sludge.

The coaggregation of the Micavibrio-like bacterium and Nitro-
spira sublineage I, which was observed in the incubated samples
and in the source activated sludge, indicates an interaction of these
organisms different from the nonobligate saprophytism or com-
mensalism proposed for Thermomonas. The absence of the Mica-
vibrio-like organism at larger distances from Nitrospira and its
quantified strong tendency to tightly coaggregate with sublineage
I Nitrospira (Fig. 5A), but not with other Nitrospira members
(Fig. 5B), suggest that this interaction is highly specific and, at least
in the examined sludge, also obligate for Micavibrio. The charac-
terized members of the genus Micavibrio (48) are obligate epibi-
otic predators of Gram-negative bacteria (49, 50). These motile
organisms attach to the outer membrane of their prey, but differ-
ent from other predators such as Bdellovibrio, they do not pene-
trate the periplasmic space and divide simply by binary fission.
The attacked cells are completely consumed (51). Furthermore,
Micavibrio spp. are able to prey on target bacteria that aggregate
within biofilms and thus are not limited to attacking planktonic
cells (52, 53). This mode of predation strikingly resembles the
direct attachment of the Micavibrio-like cells to Nitrospira micro-
colonies in the sludge flocs (Fig. 4) and would lead to 13C labeling
of the Micavibrio-like population. It would also explain the occa-
sional agglomerations of Micavibrio-like bacteria around appar-
ently empty space or weakly probe-labeled sublineage I Nitrospira
clusters (Fig. 4B). Completely or partly degraded prey cells would
not be detectable by FISH, or they would emit only dim fluores-

FIG 5 Spatial arrangement pattern analysis of the Micavibrio-like organism
and nitrifiying bacteria. In either plot the horizontal dashed line (y � 1) indi-
cates random distribution at the respective distance. Values above this line
indicate coaggregation (i.e., the Micavibrio-like cells were more abundant at
these distances than expected for randomly distributed populations). Values
below this line indicate that the Micavibrio-like cells were less abundant at
these distances than expected for randomly distributed populations. Error bars
show the standard errors of the means (n � 4). RU, relative units. (A) Coag-
gregation of Micavibrio-like bacteria with sublineage I Nitrospira; (B) lack of
coaggregation between Micavibrio-like bacteria and sublineage II Nitrospira.
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cence signals due to the degradation or leakage of ribosomes. The
high specificity for Nitrospira sublineage I is in line with the high
prey specificity that has been observed for Micavibrio and other
bacterial predators (51, 54, 55). The observation that most sublin-
eage I Nitrospira microcolonies did not coaggregate with Mica-
vibrio-like cells would also be consistent with a predator-prey re-
lationship, where usually only a fraction of the prey population is
attacked by the predator at any time. Shemesh and Jurkevitch (56)
observed that bacterial prey populations developed a transient
resistance to predation by Bdellovibrio, which was a plastic pheno-
typic response rather than a genetic mutation. As this resistance
was not total, both the predator and the prey survived (56). It is
tempting to speculate that only few sublineage I Nitrospira colo-
nies were surrounded by Micavibrio-like cells, because the major
part of the Nitrospira population had developed resistance. More-
over, different T-RFs representing sublineage I Nitrospira (Fig. 2)
indicate a high microdiversity in this sublineage that was not re-
solved by the applied FISH probes, which had a broader specific-
ity. Most of these sublineage I populations might not have been
susceptible to predation by the Micavibrio-like bacteria. Alterna-
tively, many of the Nitrospira clusters may have been inaccessible
to the Micavibrio-like organism if they were deeply embedded in
EPS or located in the center of dense activated sludge flocs, or they
were simply not encountered yet by Micavibrio-like cells seeking
prey. Other possible interactions between Nitrospira and the Mi-
cavibrio-like organism would be inconsistent with the current no-
tion that Micavibrio spp. are predators but cannot be excluded
without direct evidence for predation. For example, the detected
transfer of 13C could also be explained by a mutualistic symbiosis
that involves the transfer of substrates. Such a mutualistic rela-
tionship can also be reflected by a tight spatial coupling of the
partners (for example, see reference 57). Moreover, the Mica-
vibrio-like organism might be a previously unrecognized au-
totrophic nitrifier that directly fixed inorganic 13C and colocalized
with other nitrifiers, because AOB and NOB are mutualistic sym-
bionts (43) and often coaggregate (4, 42). A mutualistic relation-
ship of any kind, however, would be beneficial for both partners. It
should thus be reflected by mutual coaggregation, which was not
observed for Nitrospira relative to the Micavibrio-like bacterium.

If the latter indeed was a novel nitrifier, one would also not expect
such a highly specific colocalization with only one Nitrospira sub-
lineage. It seems to be more likely that the Micavibrio-like organ-
ism, if not a predator, could be a highly specialized heterotrophic
commensal or saprophyte feeding on particular organic products
or cell components of sublineage I Nitrospira. Further hints could
be obtained from chemical and isotopic analyses of sludge pore
water and the floc matrix. This could show whether extracellular
13C-labeled compounds are small molecules, which likely have
been secreted by living Nitrospira, or proteins and other larger cell
components that more probably have been released from lysed
Nitrospira cells. Such analyses could be difficult to conduct with
the complex microbial community in activated sludge but should
be more straightforward once coenrichment cultures of Nitrospira
and Micavibrio-like bacteria become available. As outlined in ref-
erence 49, bacterial predators such as Micavibrio might have
evolved from saprophytic ancestors, which attached to the enve-
lope of dead cells and secreted lytic enzymes. According to this
evolutionary model, the common ancestry with the known pred-
atory Micavibrio species (Fig. 6) would be consistent with a sap-
rophytic or a predatory lifestyle of the Micavibrio-like organism.

Ecological considerations. This study provides further evi-
dence of a role for autotrophic nitrifiers as primary producers,
which supply heterotrophic microbial community members with
organic sources of carbon and energy. While such carbon transfer
was detectable in the activated sludge samples analyzed in this
study, this additional ecological function of nitrifiers likely is more
important in oligotrophic environments where the ambient con-
centrations of organic nutrients are much lower than in wastewa-
ter. Examples include drinking water treatment facilities (9, 11,
12) and even cave ecosystems that may be driven primarily by
nitrite oxidation (58). As demonstrated for the Micavibrio-like
organism, interactions of heterotrophic bacteria with nitrifiers
can be more specific than previously recognized. So far, only pro-
tozoan grazing (23, 59, 60) and bacteriophage attack (61) have
been considered biological controls of nitrifier populations. Our
results indicate that bacterial predation may be another regulator
of nitrification. Whether its impact on the population densities of
nitrifiers is marginal or significant, and whether it may account for

FIG 6 Maximum likelihood tree based on 16S rRNA sequences, which shows the phylogenetic affiliation of the Micavibrio-like bacteria detected in this study (in
boldface). Strains which are known predators are marked by an asterisk. Sequences retrieved from WWTPs in other studies are marked by “WWTP.” Solid circles
on tree nodes indicate �90% and open circles �70% maximum likelihood bootstrap support (1,000 iterations). Representative beta- and gammaproteobacteria
were used as outgroups. The scale bar indicates 0.1 estimated change per nucleotide.
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nitrification failure in WWTPs, awaits clarification in future re-
search. However, predation could even have positive effects. The
specific control of nitrifier populations by predators may prevent
any particular nitrifier strain from becoming dominant. Thus,
predators could be a selective force toward a high diversity of
susceptible and resistant strains within nitrifier communities,
which may lead to high functional redundancy and thus improve
the overall resistance of a nitrifying WWTP or a natural ecosystem
to environmental perturbations (62).

Micavibrio-related 16S rRNA sequences have been retrieved
from other bioreactors (7, 10, 63) and from soils (64) (Fig. 6). In
addition, our analysis of NGS data sets revealed the presence of
these organisms in many kinds of habitats (see Fig. S4 in the sup-
plemental material). Solely based on their phylogenetic affiliation
and sequence similarity to known Micavibrio spp., one cannot
determine whether all these environmental Micavibrio-like organ-
isms are predators. Here we show that one member of this group
(Fig. 6) is involved in a highly specific interaction with other
Gram-negative bacteria (Nitrospira). However, the aforemen-
tioned screening of NGS data sets did not reveal any correlation
between the occurrence of Micavibrio-like bacteria and members
of the genus Nitrospira (data not shown). This may indicate that
no biological interactions exist between these organisms in the
respective habitats, but the lack of a correlation might also be due
to possible biases of nucleic acid extraction or PCR amplification
in the respective studies. Future research, possibly including
genomic comparisons to already sequenced predators such as Mi-
cavibrio aeruginosavorus (50) and Bdellovibrio bacteriovorus (65),
may illuminate the lifestyle of the Micavibrio-like bacteria and
their impact on the ecological functions of their interaction part-
ners or prey.
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Fig. S2. Illustration of the specific, LNAzyme-facilitated depletion of predominant RNA

templates. (A) LNAzymes bind specifically to their RNA targets by hybridization of the

substrate-binding arms to the regions adjacent to the cleavage site. Cleavage of the target

results in a failure of RT-PCR amplification. (B) Base mismatches (red) between a non-target

RNA and an LNAzyme prevent cleavage, even if hybridization occurs. Non-target templates,

which do not contain an RY cleavage site, are not cleaved either (red). Intact non-target

templates can be amplified by RT-PCR and the amplicons be used for downstream analyses

or cloning. Figure modified from (1).
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Fig. S3. Relative abundances of terminal restriction fragments (T-RFs) (after digestion with

the restriction endonuclease RsaI), which represent key nitrifying and heterotrophic

populations, in the light and heavy fractions of the density gradients after SIP. The analysis

was conducted after the samples had been incubated with NH4
+ and 13CO2

- for 21 days.
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Fig. S4. Screening of published 16S rRNA amplicon NGS datasets for close relatives of

known bacterial predators and of the Micavibrio-like organism analyzed in this study

(marked in red). Each habitat type represents a collection of different NGS datasets from

similar environmental or medical samples. Relative abundances of predators are shown as per

cent, based on the total number of sequence reads in all NGS datasets for the respective

habitat type. The values were multiplied by 106 to avoid negative values on the logarithmic y-

axis for fractions below 1%. "All" shows the relative abundances of predators in all habitat

types, based on the total number of sequence reads in all screened NGS datasets. Habitat

types, where no relatives of the shown predators were detected in any NGS dataset, were

excluded.
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Table S3. 16S rRNA genes used as queries for screening NGS datasets. 

Organism GenBank accession number 

Obligate predatory bacteria  

Bdellovibrio bacteriovorus strain 100 AF084850 

Bdellovibrio exovorus strain JSS EF687743 

Micavibrio aeruginosavorus strain ARL-13 DQ186612 

Micavibrio-like bacterium, clone P7H12 JQ815012 

Bacteriovorax sp. SF11 DQ631733 

Bacteriovorax litoralis strain JS5 NR_028724 

Bacteriovorax sp. BB1 DQ631713 

Bacteriovorax sp. GSL371 DQ631765 

Bacteriovorax marinus strain SJ NR_028723 

Bacteriovorax stolpii strain DSM 12778 NR_042023 

Peredibacter starrii strain A3.12 NR_024943 

Nitrite-oxidizing bacteria (Nitrospira)

Candidatus Nitrospira defluvii 
(Nitrospira sublineage I) NC_014355 

Nitrospira moscoviensis
(Nitrospira sublineage II) X82558 

Nullarbor caves clone wb1_C17 
(Nitrospira sublineage III) AF317762 

Nitrospira marina Nb-295 
(Nitrospira sublineage IV) X82559 

Candidatus Nitrospira bockiana 
(Nitrospira sublineage V) EU084879 

Nitrospira calida
(Nitrospira sublineage VI) HM485589 
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Depletion of Unwanted Nucleic Acid Templates by Selective Cleavage:
LNAzymes, Catalytically Active Oligonucleotides Containing Locked
Nucleic Acids, Open a New Window for Detecting Rare Microbial
Community Members

Jan Dolinšek, Christiane Dorninger, Ilias Lagkouvardos, Michael Wagner, Holger Daims

Department of Microbial Ecology, Vienna Ecology Centre, University of Vienna, Vienna, Austria

Many studies of molecular microbial ecology rely on the characterization of microbial communities by PCR amplification, clon-
ing, sequencing, and phylogenetic analysis of genes encoding rRNAs or functional marker enzymes. However, if the established
clone libraries are dominated by one or a few sequence types, the cloned diversity is difficult to analyze by random clone se-
quencing. Here we present a novel approach to deplete unwanted sequence types from complex nucleic acid mixtures prior to
cloning and downstream analyses. It employs catalytically active oligonucleotides containing locked nucleic acids (LNAzymes)
for the specific cleavage of selected RNA targets. When combined with in vitro transcription and reverse transcriptase PCR, this
LNAzyme-based technique can be used with DNA or RNA extracts from microbial communities. The simultaneous application
of more than one specific LNAzyme allows the concurrent depletion of different sequence types from the same nucleic acid prep-
aration. This new method was evaluated with defined mixtures of cloned 16S rRNA genes and then used to identify accompany-
ing bacteria in an enrichment culture dominated by the nitrite oxidizer “Candidatus Nitrospira defluvii.” In silico analysis re-
vealed that the majority of publicly deposited rRNA-targeted oligonucleotide probes may be used as specific LNAzymes with no
or only minor sequence modifications. This efficient and cost-effective approach will greatly facilitate tasks such as the identifi-
cation of microbial symbionts in nucleic acid preparations dominated by plastid or mitochondrial rRNA genes from eukaryotic
hosts, the detection of contaminants in microbial cultures, and the analysis of rare organisms in microbial communities of
highly uneven composition.

The “rRNA approach” (1–5), i.e., the PCR amplification, clon-
ing, sequencing, and phylogenetic analysis of rRNA genes, has

been fundamental for our current understanding of natural mi-
crobial diversity. By revealing a huge number of as-yet-uncultured
microbes and novel phylogenetic lineages that have been over-
looked by traditional cultivation-based methods of microbiology
(reviewed in references 6, 7, 8, and 9), this approach has substan-
tially influenced our perception of microbial communities in the
environment. Moreover, variations of the same principle using
suitable functional marker genes have become the gold standard
for diversity analyses of selected microbial guilds (e.g., see refer-
ences 10, 11, 12, 13, and 14).

In all of these approaches, a highly uneven abundance of the
target organisms in the sample, different target gene copy num-
bers per genome (15), mismatches between primers and some
templates, and other PCR biases can lead to the dominance of a
few sequence types in the resulting clone libraries. In such cases,
an encompassing diversity census of the microbial consortium to
be analyzed would require extensive redundant DNA sequencing
to retrieve sequences that occur less frequently in the clone library.
Rare sequences in a library can be more easily retrieved by the
separation of PCR amplicons using denaturing gradient gel elec-
trophoresis (DGGE) prior to cloning and sequencing or by the
prescreening of clone libraries by restriction fragment length
polymorphism (RFLP) or other fingerprinting methods (16, 17).
However, these and related methods can be time-consuming and
have their own limitations, such as problems in distinguishing
organisms that are represented by highly similar or identical RFLP
patterns or by comigrating bands in DGGE gels.

Other approaches to reduce the workload for microbial com-
munity analyses prevent the PCR amplification of selected (usu-
ally dominant) templates in DNA extracts made from environ-
mental samples (18, 19). Here we present a novel method to
specifically remove such unwanted targets that can be applied to
either RNA or DNA extracts. It employs catalytically active, locked
nucleic acid (LNA)-containing oligonucleotides (“LNAzymes”)
that hybridize to their target RNA and cleave it at a specific site.
This approach is based on the discovery of Breaker and Joyce (20),
who used in vitro selection to isolate the first catalytically active
molecule that was completely composed of deoxyribonucleotides
(a “DNAzyme”) and that was able to cleave RNA in the presence of
Pb2� ions. In 1997, Santoro and Joyce (21) isolated two
DNAzymes capable of cleaving RNA at specific sites under simu-
lated in vivo conditions. Since then, two DNAzyme sequence mo-
tifs, referred to as “8-17” and “10-23,” have been used in many
applications in molecular biology (22, 23). DNAzymes with the
motif 10-23, named after the 23rd clone of the 10th round of in
vitro selection (21), consist of a 15-nucleotide catalytic domain
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that is flanked by two substrate-binding arms (Fig. 1). The cata-
lytic domain usually is not amenable to any sequence changes
without losing its activity. However, the sequences of the sub-
strate-binding arms, which usually consist of 7 to 11 nucleotides,
can be freely modified. DNAzymes of type 10-23 cut the phos-
phodiester bond in RNA at a purine-pyrimidine (R-Y) junction
(Fig. 1A), with the efficiency of cleavage following the scheme
AU � GU � GC �� AC (24). If the substrate-binding arms con-
tain LNA or 2-O-methyl RNA nucleotides, the efficiency is signif-
icantly improved, especially for cutting RNA molecules that form
secondary structures. Locked nucleic acids contain at least one
nucleotide whose sugar moiety is modified and has a bicyclic
structure, which “locks” the conformation of the sugar (25). Due
to the higher binding affinity of LNA nucleotides, LNAzymes can
better resolve and hybridize to complex RNA structures. This
leads to an improved efficiency of cleavage without compromising
the specificity for a particular target (26–28). Interestingly,
DNAzymes and LNAzymes are highly sensitive to base mis-
matches to the substrate RNA in one of the substrate-binding
arms. Just one strong mismatch close to the cleavage site is suffi-
cient to dramatically reduce the cleavage efficiency (29, 30)
(Fig. 1B).

To date, DNAzymes and LNAzymes have seldom been used in
molecular microbial ecology (30). Our approach to deplete un-
wanted sequence types relies on LNAzymes whose substrate-bind-
ing arms are sequence complementary to specific target sites on

the RNA molecules to be cleaved. We evaluated the specificity and
performance of this method by using defined mixtures of 16S
rRNA genes, and subsequently, we demonstrated its usefulness for
identifying rare members of a microbial community that is dom-
inated by one organism.

MATERIALS AND METHODS
Outline of the protocol for selective template removal. As LNAzymes
cleave RNA exclusively, they can be applied directly to RNA preparations
from environmental samples for the specific removal of unwanted RNA
molecules (Fig. 2). However, by implementing additional steps in the
workflow, LNAzymes can also be used with DNA preparations, which
more commonly serve as templates for the PCR amplification of rRNA
genes in the “rRNA approach.” In this case, the forward (sense) PCR
primer must contain a T3 or T7 RNA polymerase promoter at its 5= end.
The obtained PCR amplicons subsequently serve as templates for in vitro
transcription (IVT) to RNA. The resulting mixture of RNA molecules is
then subjected to the specific cleavage of unwanted targets by LNAzymes.
The remaining intact RNAs are converted back to DNA by reverse trans-
criptase PCR (RT-PCR), whereas the cleaved RNAs do not serve as tem-
plates for RT-PCR (Fig. 1 and 2). Thus, the obtained DNA is depleted in
those targets that were cleaved by the LNAzymes. If a forward primer with
a T3 or T7 RNA polymerase promoter is also used in the RT-PCR step, the
procedure can be repeated for further depletion of the unwanted targets
(Fig. 2).

Nucleic acid extraction. The nitrite-oxidizing enrichment culture of
“Candidatus Nitrospira defluvii” was maintained as described previously
(31). An aliquot of 50 ml of the culture was centrifuged at 6,000 � g at

FIG 1 Mechanism of LNAzyme-mediated depletion of specific RNA templates. (A) Binding of the LNAzyme to its target due to hybridization of the substrate-
binding arms up- and downstream of the cleavage site, followed by specific cleavage of the target and the resulting failure of RT-PCR amplification. (B) Base
mismatches between the substrate-binding arms of the LNAzyme and a nontarget RNA template prevent the cleavage even if hybridization occurs. Nontarget
templates, which are identical in sequence to the substrate-binding arms but do not contain any RY (purine-pyrimidine) cleavage site in the binding region of the
LNAzyme, are also not cleaved. In either case, the nontarget template remains intact for subsequent RT-PCR amplification and downstream analyses or cloning.
This figure is partly based on illustrations of DNAzymes by Santoro and Joyce (29), Cairns et al. (24), and Suenaga et al. (30).
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room temperature for 4 min, and the pellet was resuspended in 1 ml of
TRIzol (Invitrogen, Carlsbad, CA). Activated sludge samples were col-
lected from a nitrifying sequencing batch reactor at the municipal waste-
water treatment plant of Ingolstadt, Germany. Sludge flocs were allowed
to settle, liquid supernatant was removed, and the concentrated sludge
was frozen in liquid N2. Aliquots were stored at �80°C and, before use,
were resuspended in 1 ml of TRIzol. The suspensions (“Ca. Nitrospira
defluvii” enrichment culture or activated sludge) were then transferred
into Lysing Matrix A tubes (MP Biomedicals, Solon, OH), and cells were
disrupted in a bead beater (Bio 101, Vista, CA) set at 6.5 m s�1 for 45 s.
RNA and DNA were extracted according to recommendations provided
with TRIzol. As a gelatinous matrix was coextracted with the RNA, 0.25 ml
of a salt solution (2 M NaCl, 0.2 M LiCl) per ml of TRIzol was added to the
aqueous phase prior to precipitation with 2-propanol to obtain pure
RNA. Any DNA present in the RNA preparation was removed by DNase I
(Sigma-Aldrich, St. Louis, MO) digestion in a modified DNase I buffer (20
mM Tris-HCl [pH 8.0], 2 mM MgCl2, 0.2 mM CaCl2) for 45 min at 37°C.
Following digestion, the RNA was extracted again with TRIzol. DNA ex-
tracted with TRIzol was further purified by using the AllPrep DNA/RNA
minikit (Qiagen, Hilden, Germany).

PCR and RT-PCR. All PCRs were performed according to the follow-
ing scheme: DNA was denatured at 94°C for 2 min, followed by 25 cycles
of denaturation at 94°C for 30 s, primer annealing at 54°C for 45 s, and
elongation at 72°C for 90 s. Cycling was completed with a final elongation
step at 72°C for 10 min. The reaction mixtures contained 1� enzyme
buffer, 2 mM MgCl2, 0.2 mM deoxynucleoside triphosphates (dNTPs),
0.5 �M each primer, 0.75 U of Taq polymerase, 0.05 mg ml�1 bovine
serum albumin (all from Fermentas, St. Leon-Rot, Germany), and 2 �l of
template DNA in a final volume of 25 �l. For RT-PCR, the Access One
Step RT-PCR kit (Promega, Madison, WI) was used. Briefly, cDNA was
synthesized at 45°C for 45 min, followed by denaturation at 94°C for 2 min

and by 25 cycles of denaturation at 94°C for 30 s, primer annealing at 54°C
for 45 s, and elongation at 68°C for 2 min. Cycling was finished with a final
elongation step at 68°C for 7 min. The absence of DNA in all RNA tem-
plates was confirmed by PCR without reverse transcription. All primers
used in this study for PCR and RT-PCR are listed in Table S1 in the
supplemental material. Primers were obtained from Thermo Fisher
(Thermo Fisher Scientific, Ulm, Germany). For PCRs and for RT-PCR,
the nucleic acid templates were diluted 1:50 in ultrapure water in order to
avoid PCR inhibition by highly concentrated template or inhibitory com-
pounds.

In vitro transcription. PCR-amplified 16S rRNA genes containing a 5=
T3 promoter, for in vitro transcription by T3 RNA polymerase, were obtained
by PCR with primers T3-8F and 907R. These amplicons were analyzed by
agarose gel electrophoresis, and bands of the correct size were excised from
the gels and purified with the QiaQuick gel extraction kit (Qiagen). The reac-
tion mixture for in vitro transcription contained 1� T3 polymerase transcrip-
tion buffer (Fermentas), 10 mM dithiothreitol (DTT) (Carl Roth, Karlsruhe,
Germany), 1 U of T3 polymerase (Fermentas), 0.5 mM nucleoside triphos-
phates (NTPs) (Hoffmann-La Roche, Basel, Switzerland), and 100 to 200 ng
of purified PCR product. The final volume was 20 �l. The mixture was incu-
bated at 37°C for 4 h.

LNAzyme design and digestion of target rRNAs. Already existing 16S
rRNA-targeted probes for fluorescence in situ hybridization (FISH) were
used as a starting point for the design of specific LNAzymes, which was
accomplished by using the software package ARB (32). In particular, the
ARB “Probe Match” tool was applied to find optimal LNAzyme cleavage
positions in the target rRNAs. For this purpose, the FISH probe sequences
were entered and then elongated and/or shortened at their 5= or 3= ends to
shift the probe-binding sites along the target rRNA sequence until a suit-
able cleavage (AU or GU) site was reached. The candidate LNAzymes
obtained from this procedure were checked for unwanted base mis-
matches to the target bacteria and for required mismatches to nontarget
organisms as well as for self-complementary regions that could reduce
cleavage efficiency due to hairpin formation or LNAzyme dimerization.

In this study, we designed three 16S rRNA-targeted LNAzymes spe-
cific for ammonia-oxidizing bacteria (AOB) or nitrite-oxidizing bacteria
(NOB) (see Table S1 in the supplemental material). All three LNAzymes
contain the 10-23 motif. LNAzyme Nso215 covers the AOB Nitrosomonas
oligotropha, N. europaea, N. ureae, N. halophila, N. cryotolerans, Nitro-
somonas sp. Nm143 and Nm84, Nitrosococcus (Nitrosomonas) mobilis, and
most environmental sequences related to these cultured strains in the
SILVA, release 102, full-length, nonredundant database. The 16S rRNA
sequences of other nitrosomonads have base mismatches to the substrate-
binding arms that most likely decrease the cleavage efficiency of this
LNAzyme. The target region of Nso215 on the 16S rRNA overlaps the
target site of probe Nmo218 that is commonly used for the FISH detection
of N. oligotropha-related AOB (33). The cleavage site of Nso215 is GU, and
the substrate-binding arms, determining the specificity of the LNAzyme,
contain four LNA nucleotides (see Table S1 and Fig. S1 in the supplemen-
tal material). The LNA nucleotides were placed at the mismatch positions
to most nontarget organisms that had a similar target sequence in the
SILVA, release 102, database (34), because LNAs provide better discrim-
ination against single-base mismatches (25). The LNAzymes Ntspa668
and Ntspa665, both targeting NOB of the genus Nitrospira, were derived
from the Nitrospira-specific FISH probe Ntspa662 (35). This probe was
elongated in the 5= direction along the target 16S rRNA, resulting in a
suitable AU cleavage site being flanked by the substrate-binding arms (see
Table S1 and Fig. S1 in the supplemental material). Both LNAzymes cover
all known sublineages of the genus Nitrospira (35–37), except for some
members of marine lineage IV. The substrate-binding arms of Ntspa665
are longer (15 nucleotides up- and downstream of the cleavage site, in-
stead of 12 and 10 nucleotides in Ntspa668). In addition, Ntspa665 con-
tains only cytosine LNA nucleotides, which do not form base pairs with
each other and thus greatly reduce the likelihood of intramolecular strong
secondary structure formation. In both LNAzymes, the four LNA nucle-

FIG 2 Schematic illustration of the workflow for the specific depletion of
unwanted templates using LNAzymes. The procedure starts with the extrac-
tion of DNA or RNA from an environmental sample and results in a final PCR
product, which is suitable for cloning or analyses by fingerprinting techniques
such as T-RFLP.
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otides were placed at positions of frequent mismatches to nontarget or-
ganisms.

The LNAzymes were obtained from Exiqon (Vedbaek, Denmark). We
observed that both highly concentrated stocks as well as working solutions
of LNAzymes partly lose their activity after storage at �20°C for several
months. This problem was avoided by storing them in concentrated ali-
quots at �80°C. The LNAzyme digestion buffer contained 100 mM NaCl,
50 mM RNase-free Tris (pH 8.0) (Ambion, Austin, TX), 10 mM LiCl, 1
�M LNAzyme, and 5 �l of an in vitro transcription reaction mixture
containing the transcribed RNA (see above). The final volume of the
reaction mixture was 60 �l. All reagents except Tris were treated with
0.1% (vol/vol) diethylpyrocarbonate (DEPC) to inactivate nucleases. Pre-
vious studies found that Mg2� or other divalent cations are required for
DNAzyme activity (21, 29). Good LNAzyme efficiency was obtained even
though Mg2� was not added to the LNAzyme digestion buffer in an effort
to preserve the integrity of RNA at elevated temperatures (see Results).
However, we cannot exclude that the buffer contained trace amounts of
divalent cations, because no chelating agent was added.

The efficiency of LNAzyme-mediated cleavage was improved by re-
peated heating and cooling of the reaction mixture (38). The mixture was
incubated first for 90 s at 90°C for RNA denaturation, then for 30 s at 60°C
to allow for annealing of LNAzymes to their target RNA molecules, and
finally for 45 min at 37°C for the actual cleavage. These steps were repeated
three times, resulting in four identical cycles of denaturation, annealing,
and cleavage. PCR products (DNA), which had served as templates in the
previous in vitro transcription step and which had been carried over into
the LNAzyme reaction mixture, were then digested with DNase I for 45
min at 37°C. This digestion step also removed residual oligonucleotides
(PCR primers) and the LNAzymes. Subsequently, 6 �l of 50 mM EDTA
was added, and DNase I was inactivated by heating the mixture to 70°C for
10 min. After this step, the noncleaved RNA was ready for use as the
template for RT-PCR.

T-RFLP. For terminal restriction fragment length polymorphism (T-
RFLP) analysis, primer 8F labeled with 6-carboxyfluorescein (6-FAM)
was used for PCR or RT-PCRs. Amplicons of the correct size were excised
from agarose gels and purified by using the QiaQuick gel extraction kit
(Qiagen), and approximately 100 ng of purified amplicons was digested
for 3 h at 37°C by using the restriction endonuclease MspI (Fermentas).
The digestion products were analyzed by using an ABI 3130xl genetic
analyzer (Applied Biosystems, Foster City, CA) and PeakScanner 1.0 soft-
ware (Applied Biosystems). Real peaks were distinguished from noise by
using methods described previously by Abdo et al. (39) and by using the
Perl and “R” scripts provided on their website (http://www.ibest.uidaho
.edu/tools/trflp_stats/index.php). The effects of the LNAzyme treatments
were tested for significance by one-way analysis of variance (ANOVA)
including Tukey’s honestly significant difference (HSD) post hoc test,
which was performed by using the PASW Statistics 17 software package
(IBM SPSS, Armonk, NY).

Cloning, sequencing, and phylogenetic analysis of 16S rRNA genes.
One clone library was established from the “Ca. Nitrospira defluvii” en-
richment using DNA as the initial template, by applying LNAzyme
Ntspa668 (see Table S1 in the supplemental material) after PCR and IVT
and by performing RT-PCR with primer pair 8F/907R (Fig. 2). Two clone
libraries were constructed by using RNA as the initial template, which was
treated with LNAzyme Ntspa665 and the helper probes (see Table S1 in
the supplemental material). For one of these “RNA-based” libraries,
primer pair 8F/907R was used for RT-PCR, whereas primer pair 8F/1492R
was applied for the other library, which thus contained almost full-length
16S rRNA genes. For comparison, a fourth library was made by using
DNA extracted from the enrichment culture as the template for PCR with
primer pair 8F/907R and without any LNAzyme treatment.

PCR products of the correct size were excised from agarose gels, puri-
fied with the QiaQuick gel extraction kit (Qiagen), and cloned by using the
TOPO TA cloning system (Invitrogen). Cloned genes were subjected to
RFLP analysis with the restriction endonuclease MspI (Fermentas). Based

on the obtained band patterns in agarose gels, Good’s coverage of the
clone libraries was calculated as

C � 1 �
n1

N

where n1 is the number of RFLP patterns that occurred only once and N is
the total number of clones analyzed. The Simpson diversity index was
calculated as follows

1 �
�i�1

R ni�ni � 1�
N�N � 1�

where R is the number of different RFLP profiles observed and ni is the
number of clones with a particular RFLP pattern. A subset of the clones
was selected for sequencing based upon the RFLP patterns. Sanger se-
quencing was performed by using BigDye Terminator cycle sequencing
kit v3.1 and an ABI 3130xl genetic analyzer (Applied Biosystems), accord-
ing to the manufacturer’s instructions. The obtained 16S rRNA gene se-
quences were aligned with SINA Webaligner (http://www.arb-silva.de
/aligner) and further analyzed by using ARB software (32) with the SSU
Ref 108 SILVA NR sequence database (34). Automatically generated se-
quence alignments were manually refined. The phylogenetic affiliation of
each sequence was determined by adding the sequences to the tree
“tree_SSURef_1200_99_slv_108,” which is included in the database, by
using the ARB parsimony function and the “pos_var_ssuref:bacteria” se-
quence conservation filter that is also included in the database. Prior to
adding the new sequences, all sequences with a Pintail (40) score below 80
were removed from the tree. Putative chimeric sequences were identified
by independent phylogenetic analyses of the first 513 5
 base positions, the
central 513 base positions, and the last 513 3
 base positions of the se-
quences. Sequences that showed an unstable phylogenetic affiliation in
these tests were further checked for anomalies with Pintail software (40).

Fluorescence in situ hybridization. Bacteria in the “Ca. Nitrospira
defluvii” enrichment culture were visualized by FISH with rRNA-targeted
oligonucleotide probes (see Table S1 in the supplemental material), as
described previously (41). Fluorescence-labeled oligonucleotide probes
were obtained from Thermo Fisher. Microscopic observation and docu-
mentation were performed with an LSM 510 confocal laser scanning mi-
croscope and the provided software (Zeiss, Oberkochen, Germany). The
relative biovolume of accompanying bacteria in the enrichment culture
(i.e., cells that were labeled by the EUB338 probe mix but not by probe
Ntspa1431) was quantified by FISH and digital image analysis (42) and by
using daime software (43).

Nucleotide sequence accession numbers. The sequences obtained in
this study have been deposited in the GenBank database under accession
no. JF449905 to JF449947. The sequences of the 16S rRNA genes in Table
1 have been deposited in the GenBank database under accession no.
JQ068103 to JQ068106.

RESULTS
Evaluation of the protocol and the LNAzymes. The newly de-
signed LNAzymes and our protocol for the specific removal of
unwanted template nucleic acids (Fig. 2) were tested with artificial
mixtures containing template DNAs from target and nontarget
organisms. For this purpose, we used four cloned partial 16S
rRNA genes that had been retrieved from a nitrifying activated
sludge and belonged to bacteria related to the Nitrosomonas oligo-
tropha lineage (44), Comamonas aquatica, the phylum Chloroflexi,
and Nitrospira lineage I (35), respectively. The plasmid vectors,
which contained these cloned genes, were mixed in defined ratios
(Table 1). The mixed 16S rRNA genes were then PCR amplified by
using primers 8F (with a 5= T3 promoter) and 907R (see Table S1
in the supplemental material). Subsequently, RNA was obtained
by IVT of the mixed PCR amplicons. Further following the
scheme in Fig. 2, this in vitro-synthesized RNA was incubated with
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the LNAzymes and was then converted back to cDNA and ampli-
fied by RT-PCR with primers 8F and 907R. Finally, T-RFLP anal-
ysis was used to determine the composition of the resulting PCR
product mixture and to assess how efficiently the respective targets
had been depleted by the LNAzyme approach.

LNAzyme-mediated RNA cleavage led to the depletion of spe-
cific targets in four different mixtures of the 16S rRNA genes

(Fig. 3). LNAzyme Nso215 cleaved the partial 16S rRNA derived
from the Nitrosomonas-related clone with high efficiency, and a
single iteration of the protocol was sufficient to drastically reduce
the abundance of this target (Fig. 3A and C). A second iteration of
the protocol resulted in an almost complete elimination of the
Nitrosomonas-related 16S rRNA gene from mixtures that origi-
nally contained large relative amounts of this target (Fig. 3A and C
and Table 1). Concomitantly, the relative abundances of the other
three 16S rRNA types increased in the mixtures (Fig. 3A and C),
with the sole exception being the Comamonas-related 16S rRNA
in mixture “A” (Table 1), whose relative abundance remained
constant throughout the experiment (Fig. 3A). In contrast, the
relative abundance of this 16S rRNA type increased in the exper-
iment with mixture “C” (Table 1 and Fig. 3C), where the same
LNAzyme, Nso215, was used to deplete Nitrosomonas-related 16S
rRNA.

The Nitrospira-specific LNAzyme Ntspa668 was also successful
at strongly depleting Nitrospira-related 16S rRNA (Fig. 3B). How-

TABLE 1 Concentration ratios of plasmid vectors carrying the
respective partial 16S rRNA genes in the artificial mixtures that were
used to evaluate the LNAzymes and the protocol developed in this study

Mixture

Concn ratio

Nitrosomonas sp. Nitrospira sp. Chloroflexi sp. Comamonas sp.

A 100 15 10 1
B 15 100 1 10
C 100 1 1 1
D 200 100 1 1

FIG 3 Evaluation of the LNAzyme cleavage protocol with artificial mixtures of cloned partial 16S rRNA genes (Table 1). The bars show the relative abundances
of the rRNA genes in the mixtures before and after one or two iterations of the LNAzyme-mediated depletion of the Nitrosomonas and/or Nitrospira rRNA. Data
for control experiments without added LNAzymes are also shown (the second iteration without LNAzyme was performed after a first iteration with LNAzyme).
The relative abundances were determined by T-RFLP analysis. Only the relevant T-RFLP peaks are shown; for the complete T-RFLP profiles, please refer to Fig.
S2 in the supplemental material. (A) Depletion of the Nitrosomonas-related 16S rRNA gene by LNAzyme Nso215 using 16S rRNA gene plasmid mixture “A”
(Table 1). (B) Depletion of the Nitrospira-related 16S rRNA gene by LNAzyme Ntspa668 using plasmid mixture “B” (Table 1). (C) Like panel A but with a
different initial abundance of the Nitrosomonas-related and other 16S rRNA genes in the mixture (mixture “C” in Table 1). (D) Simultaneous depletion of the
Nitrosomonas- and the Nitrospira-related 16S rRNA genes by LNAzymes Nso215 and Ntspa668 (mixture “D” in Table 1). Error bars depict standard deviations
from three replicate experiments. One asterisk above the bars indicates that a single iteration of target depletion was sufficient to obtain a significant (P 	 0.05)
difference compared to the untreated plasmid mixture. Two asterisks mark cases in which two iterations of target depletion were needed to achieve a significant
difference.
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ever, in this case, the difference between the first and second iter-
ations of the protocol was more pronounced than with LNAzyme
Nso215 (Fig. 3B). Finally, we tested whether two different
LNAzymes can be combined in the same experiment for depleting
different targets. For this purpose, the LNAzymes Nso215 and
Ntspa668 were used simultaneously with an artificial mixture
containing large relative amounts of Nitrosomonas- and Nitro-
spira-related 16S rRNA genes but very small relative amounts of
the Comamonas- and Chloroflexi-related rRNA genes. Both
LNAzymes cleaved their respective targets with efficiencies that
were similar to those observed for single LNAzyme experiments
(Fig. 3D). It is important to note that the apparently weak decrease
of the Nitrospira-like 16S rRNA levels during the first iteration
(Fig. 3D) did not result from a low efficiency of LNAzyme
Ntspa668. The very pronounced depletion of the Nitrosomonas-
like 16S rRNA (Fig. 3D) must have increased the relative amounts
of the other 16S rRNA types in the mixture, including Nitrospira.
This relative increase in the amount of the Nitrospira-like 16S
rRNA was neutralized by Ntspa668. After two iterations, the ac-
tivity of this LNAzyme led to the strong depletion of the Nitro-
spira-like 16S rRNA, which was not observed in the control exper-
iment without Ntspa668 (Fig. 3D).

In preliminary experiments, the obtained T-RFLP profiles
contained numerous peaks apparently belonging to short frag-
ments, which were inconsistent with the known positions of re-
striction endonuclease cleavage sites in the 16S rRNA gene se-
quences. The number of those peaks increased after each iteration
of the LNAzyme cleavage protocol (data not shown). These arti-
facts were eliminated by agarose gel electrophoresis of the PCR
products and excision of the correct bands prior to IVT or T-RFLP
analysis (see also Materials and Methods).

Identification of accompanying bacteria in a Nitrospira en-
richment culture. After the new LNAzymes and the cleavage pro-
tocol had been tested with artificial template mixtures, the method
was used to identify accompanying bacteria (“contaminants”) in
an enrichment culture of the nitrite-oxidizing bacterium “Candi-
datus Nitrospira defluvii” (31). This enrichment culture consisted
mainly of “Ca. Nitrospira defluvii” and had been used for se-
quencing of the genome of this nitrifier by environmental genom-
ics (45) but still contained minor amounts of bacteria that do not
belong to the genus Nitrospira according to FISH with rRNA-
targeted probes (31). The presence of contaminants in the Nitro-
spira culture, which was used for this study, was confirmed by
quantitative FISH, revealing that 13% of the bacterial community
in this enrichment culture did not hybridize to any Nitrospira-
specific FISH probe but was detected by the Bacteria-specific
EUB338 probe mix.

DNA and RNA were extracted and purified from aliquots
of the “Ca. Nitrospira defluvii” enrichment culture. Subsequently,
the 16S rRNA of Nitrospira was depleted by using LNAzymes and
the protocol (Fig. 2), with either DNA or RNA as the initial tem-
plate. When the procedure started with DNA, most of the Nitro-
spira target was already removed after the first iteration using
LNAzyme Ntspa668 (Fig. 4A). This led to higher relative abun-
dances of other 16S rRNA types, which was evident from the in-
creasing areas of some peaks in the T-RFLP profile (Fig. 4A).

Interestingly, LNAzyme Ntspa668 cleaved native 16S rRNA of
Nitrospira with poor efficiency (Fig. 4B). This result was in con-
trast to the good performance of this LNAzyme when cleaving
RNA that had been produced by IVT of a DNA template (Fig. 3B

and 4A). Therefore, the second Nitrospira-specific LNAzyme
(Ntspa665) was designed with longer substrate-binding arms and
different LNA nucleotides (see above). Application of Ntspa665 to
the native RNA resulted in a significantly stronger relative de-
crease in the level of the Nitrospira target than achieved by
Ntspa668 (Fig. 4B). As we assumed that secondary structures of
the native 16S rRNA hampered LNAzyme-mediated cleavage, we
combined the LNAzymes with helper probes (46) that were newly
developed and targeted Nitrospira lineages I and II, Ntspa630help
and Ntspa700help (see Table S1 in the supplemental material).
These helper probes were supposed to bind to the Nitrospira 16S
rRNA adjacent to the target sites of the LNAzymes, thereby resolv-
ing secondary structures and facilitating hybridization of the
LNAzymes to their target. Indeed, the helper probes improved the
depletion of native Nitrospira 16S rRNA by both LNAzymes
Ntspa668 and Ntspa665 (Fig. 4B). As observed when DNA was
used as an initial template (Fig. 4A), the relative abundances of
other 16S rRNA types increased as the abundance of Nitrospira
16S rRNA decreased (Fig. 4B). However, this shift was less pro-
nounced, most likely due to the lower efficiency of both Nitro-
spira-specific LNAzymes when cleaving native 16S rRNA, even in
the presence of helper probes.

To identify the accompanying bacteria in the enrichment cul-
ture, 16S rRNA genes were cloned after the depletion of the Nitro-
spira 16S rRNA. Between 40 and 50 randomly selected clones from
each library were subjected to RFLP analysis to determine the
proportion of cloned Nitrospira 16S rRNA genes. As expected,
their frequency was much lower in all libraries produced from
LNAzyme-treated templates than in the library that was made
from untreated template DNA (Table 2). Analysis of the 31 ob-
tained 16S rRNA gene sequences (after LNAzyme treatment) re-
vealed a surprising diversity of accompanying bacteria in the “Ca.
Nitrospira defluvii” enrichment culture, comprising representa-
tives of seven bacterial phyla (see Table S2 in the supplemental
material).

DISCUSSION

Rank-abundance analyses have shown that complex microbial
communities can be dominated by relatively few and highly abun-
dant community members, whereas the bulk of diversity (rich-
ness) is “hidden” in a large number of rare taxa (47). This uneven
structure is mirrored in the composition of cloned rRNA gene
libraries established from samples of these communities. Simi-
larly, rRNA gene libraries made from associations between micro-
organisms and eukaryotes are often dominated by clones carrying
plastid or mitochondrial rRNA genes that were targeted by the
applied Bacteria-specific PCR primers (e.g., see reference 48). To
facilitate the detection of less frequent sequence types, a few meth-
ods have been developed for the specific depletion of unwanted
(dominant) targets before or during PCR amplification (18, 19,
49). A common motif for these approaches is the use of nucleic
acid oligomers, which must specifically hybridize to DNA tem-
plates that should not be amplified during PCR. The optimal hy-
bridization conditions must be determined for each oligomer to
avoid unspecific binding to nontarget DNA and inefficient hy-
bridization to the target. The parallel elimination of more than
one unwanted target would be complicated if the required strin-
gent hybridization conditions prohibit the simultaneous applica-
tion of different target-specific oligomers.

In this study, we developed an alternative approach that em-
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ploys catalytically active LNAzymes (Fig. 1). The LNAzymes must
also hybridize to their respective target, but the cleaving efficiency
highly depends on perfect base complementarity close to the
cleaving site. Hence, as demonstrated by previous fundamental
work on the properties of DNAzymes and LNAzymes, even un-
specific hybridization to a nontarget template (which has mis-
matches) would not lead to significant cleavage (24, 29, 30, 50). By
including in vitro transcription, we demonstrated that the RNA-
cleaving LNAzymes can also be used if DNA is the initial template.

The experiments with artificial mixtures of four different 16S

rRNA genes confirmed that the newly designed LNAzymes
Nso215 and Ntspa668 cleaved their respective targets efficiently
and with high specificity. The depletion of their targets led to a
relative increase of the initially less frequent sequence types
(Fig. 3). The absence of such an increase in two cases (Comamonas
[Fig. 3A] and Nitrosomonas [Fig. 3B]) may be due to biases of IVT
or one of the amplification steps in the protocol. The increase of
the Comamonas-like template in another experiment with the
same LNAzyme, Nso215 (Fig. 3C), suggests that such biases can be
stochastic and are unlikely to hamper the approach in general. In

FIG 4 Depletion of 16S rRNA of “Ca. Nitrospira defluvii” from DNA (A) or native RNA (B) that was extracted from the “Ca. Nitrospira defluvii” enrichment
culture. The bars show the relative abundances of the 16S rRNA genes of “Ca. Nitrospira defluvii” and of other bacteria, as determined by T-RFLP analysis, before
and after one or two iterations of the LNAzyme-mediated depletion. Data for control experiments without added LNAzymes are also shown (the second iteration
without LNAzyme was performed after a first iteration with LNAzyme). Only selected T-RFLP peaks are shown; for the complete T-RFLP profiles, please refer
to Fig. S3 in the supplemental material. Applied LNAzymes were Ntspa668 (A) and Ntspa668 or Ntspa665 (B) (which also shows the effects of additional helper
probes [HP] on the efficiency of target depletion). The decrease of the peaks at positions 487 and 490 (A) in the second iteration probably reflects artifacts of PCR
or IVT. Error bars depict standard deviations from three replicate experiments. Asterisks above bars indicate that a significant (P 	 0.05) difference compared
to the untreated DNA or RNA was obtained. Where this was achieved in the experiment with DNA (A), a single iteration of target depletion was sufficient. In
panel B, the results of the significance test are shown for the treatment with helper probes and LNAzyme Ntspa665.
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addition, we noticed that the T-RFLP profiles obtained for the
untreated plasmid mixtures did not correctly reflect the initial
composition of these mixtures (Fig. 3 and Table 1). This result was
expected because T-RFLP profiles often do not represent the
quantitative structure of microbial communities because of biases
in PCR, enzymatic digestion, and capillary electrophoresis (see
reference 51 and references therein). However, relative changes in
the composition of the same microbial community are accurately
detected by T-RFLP analysis (51). Thus, this method is suitable for
monitoring the shifts in relative abundance caused by the
LNAzyme-mediated depletion of selected targets. We also noticed
that even without the use of any LNAzyme, the IVT and RT-PCR
steps can slightly modify the relative abundances of the templates
(Fig. 3). Altogether, these observations show that our protocol
may not be able to detect all rare sequence types in a complex
mixture and that it, like other approaches using nonquantitative
IVT or PCR (52), would not be suitable for a quantitative census of
the sequence types in a mixture of different templates.

The Nitrospira-specific LNAzyme Ntspa668 was less efficient
than the Nitrosomonas-targeting LNAzyme Nso215 (Fig. 3A, B,
and D). Aside from base mismatches, factors reported to affect the
efficiency of DNAzymes and LNAzymes include secondary struc-
tures of complex RNA substrates (27, 53) and the thermodynamic
stability of the enzyme-substrate complex (29). Although less ef-
ficient, the Nitrospira-like 16S rRNA gene was almost completely
depleted after a second iteration of the cleavage protocol with
Ntspa668 (Fig. 3B and D). Thus, repeating the procedure (Fig. 2)
can overcome difficulties with less efficient LNAzymes and prob-
lematic target sites. The efficiency can easily be monitored over
successive iterations by a fingerprinting technique such as
T-RFLP. The experiment with both LNAzymes Nso215 and
Ntspa668 (Fig. 3D) confirmed that two LNAzymes can be com-
bined in the same workflow step and under the same conditions to
simultaneously deplete different unwanted targets. Future exper-
iments should test whether more LNAzymes can be used together
for the depletion of multiple targets from complex mixtures.

Enrichment cultures of an organism that still contain accom-
panying bacteria (“contaminants”) are prime examples of highly
uneven communities. Here we used LNAzymes to identify con-
taminants in the enrichment of “Ca. Nitrospira defluvii” (31),
which still contained small amounts of other bacteria. For this
purpose, the entire approach was started with either DNA or na-
tive RNA as the initial template in order to compare the results and

identify possible difficulties with the method. Additional helper
probes were needed to facilitate the LNAzyme-mediated cleavage
of native 16S rRNA from “Ca. Nitrospira defluvii” (Fig. 4B),
whereas no helper probes were required with DNA as the initial
template (Fig. 4A). Thus, target site accessibility influences the
efficiency of LNAzymes, at least when they cleave native rRNA.
Although a pronounced relative increase was not achieved for all
rare 16S rRNA sequence types in the enrichment culture (Fig. 4),
the selection of non-Nitrospira clones required little effort after
the LNAzyme treatments. All gene libraries were reasonably well
covered by the analyzed sets of clones, but analyses of similar clone
numbers retrieved a much higher level of diversity of 16S rRNA
types from the libraries that were established after the use of
LNAzymes (Table 2). Nevertheless, the detected phylotypes were
not evenly distributed among the clones selected from these three
libraries (see Table S2 in the supplemental material). This might
be caused by nonexhaustive sequencing of non-Nitrospira clones
from each library or by other factors, such as an unequal coverage
of the organisms by the different PCR primers applied. The fre-
quencies of the different sequence types in the “RNA-based” li-
braries may also be affected by secondary structures of the tem-
plate rRNA interfering with RT-PCR or by the cellular ribosome
content. The LNAzyme-based approach led to the discovery of a
surprisingly high level of diversity of cocultured bacteria that are
possibly involved in biological interactions with Nitrospira (dis-
cussed in the supplemental material).

In general, similar criteria must be considered for the design of
rRNA-targeted DNAzymes (or LNAzymes) and of rRNA-targeted
oligonucleotide probes that are used for hybridization techniques
such as FISH. The sites containing mismatches to nontarget or-
ganisms should be located near the center of the binding region to
achieve an optimal specificity of the probe or LNAzyme. Second,
LNAzymes and probes should cover all or at least most members
of their phylogenetic target groups. Moreover, the secondary
structure of the rRNA is likely to influence the binding of
LNAzymes to their target site, as it affects the hybridization effi-
ciency of FISH probes (54). Good target sites for FISH (54, 55)
could also be suitable for LNAzymes, although this might not
always apply, because FISH targets fixed intact ribosomes,
whereas the LNAzymes in our protocol bind to isolated rRNA.
Therefore, we suggest starting the design of new rRNA-targeted
LNAzymes by screening a resource, such as probeBase (56), for
existing FISH probes that are specific for the respective target or-

TABLE 2 Frequencies of the 16S rRNA genes of “Ca. Nitrospira defluvii” and other bacteria in clone libraries established with and without
preceding treatment by LNAzymese

Treatmenta

No. of distinct
RFLP patterns
(no. of
singletons)d

No. of clones
assigned to “Ca.
Nitrospira
defluvii”

No. of clones
assigned to
other
bacteria

Frequency of
“Ca. Nitrospira
defluvii” (%)

Good’s coverage
(%)

Simpson diversity
index

Untreated DNA 907R 4 (2) 40 11 78.4 96.1 0.36
DNA 907Rb 12 (5) 3 39 7.1 88.1 0.8
RNA 907Rc 14 (9) 9 35 20.5 79.6 0.76
RNA 1492Rc 14 (9) 1 45 2.2 80.4 0.84
a DNA, DNA was used as the initial template; RNA, RNA was used as the initial template. 907R and 1492R are the reverse primers used for 16S rRNA gene-specific PCR.
b Treatment by LNAzyme Ntspa668 prior to cloning.
c Treatment by LNAzyme Ntspa665 prior to cloning.
d Singletons are RFLP patterns that occurred only once.
e Assignments of cloned genes to “Ca. Nitrospira defluvii” or other bacteria were based on RFLP band patterns, exploiting the fact that “Ca. Nitrospira defluvii” has a characteristic
RFLP pattern after digestion of its 16S rRNA gene amplicon with the endonuclease MspI (this was confirmed by sequencing of selected clones showing this RFLP pattern).
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ganisms and have been tested in previous studies. The next step is
to identify a suitable LNAzyme cleavage site in the probe sequence
or in adjacent regions of the target rRNA. If a cleavage site is
found, the probe, if necessary, can be shifted and/or extended in
the 5= and 3= directions in silico along the rRNA. Either substrate-
binding arm must be long enough for efficient hybridization and
cleavage (29). In preliminary experiments using native 23S rRNA
of Escherichia coli and an LNAzyme based on the FISH probe
Gam42a, we observed good cleavage efficiency with substrate-
binding arms of 8 and 9 nucleotides, respectively (data not
shown). The LNAzymes used here to target nitrifiers had arms of
12 and 10 nucleotides (Ntspa668), 15 and 15 nucleotides
(Ntspa655), and 15 and 12 nucleotides (Nso215). Finally, the
specificity and coverage of the resulting LNAzyme should be eval-
uated by tools such as the “Probe Match” function of ARB soft-
ware (32), probeCheck (57), or TestProbe (http://www.arb-silva
.de/search/testprobe).

We evaluated all probes deposited in probeBase until 9 March
2010 to determine how suitable they would be for LNAzyme de-
sign. Among these 2,479 probes, 2,270 target an rRNA region that
contains a potential RU cleavage site, which results in the highest
cutting efficiency (24). No less than 807 probes would lead, with-
out any sequence modifications, to LNAzymes with two substrate-
binding arms of at least 8 nucleotides (see Fig. S4 in the supple-
mental material). An additional 703 probes would lead to
LNAzymes with one substrate-binding arm of at least 6 nucleo-
tides and the other arm of at least 8 nucleotides (see Fig. S4 in the
supplemental material). Thus, only slight modifications (elonga-
tion of one arm by up to 2 nucleotides) might be needed to design
an efficient LNAzyme based on these probes. In total, 61% of all
probes in probeBase could be converted to efficient LNAzymes
with few or no sequence changes, mostly preserving the already
evaluated coverage of these probes and, due to the LNA nucleo-
tides, possibly even increasing their specificity. However, the dif-
ferent cleavage efficiencies of Ntspa668 and Ntspa665 (see above)
show that particular LNAzymes and/or target sites may require
additional optimization and that tests to evaluate newly designed
LNAzymes should be carried out prior to their use in critical ex-
periments.

In summary, our LNAzyme-based protocol has proven useful
for the depletion of unwanted targets in mixtures of 16S rRNA
genes and native 16S rRNA types. The method lends itself to anal-
yses of highly uneven communities, whose dominant members
can easily be identified prior to the selection or design of suitable
LNAzymes. Depending on the choice of primers for the PCR steps
(Fig. 2), nearly full-length sequences can be obtained. Further-
more, the possibility of starting the approach with either DNA or
RNA as the initial template offers much flexibility for applications
in microbial ecology. For example, stable isotope probing (SIP) of
RNA is a sensitive tool to identify uncultured microbes that take
up and assimilate a specific substrate (58). The resulting stable
isotope-labeled RNA fraction, however, may be dominated by
rRNA from the largest or most active population that used the
offered tracer. In such a situation, the specific cleavage and deple-
tion, by LNAzymes, of this dominant rRNA would facilitate the
analysis of less abundant rRNA types and thus provide a more
complete picture of the functionally relevant microbial commu-
nity members. Recently, we used such a combination of RNA-SIP
and LNAzymes to study interactions of heterotrophic bacteria
with autotrophic nitrifiers (data not shown). If DNA-SIP is more

appropriate, the same LNAzymes may be used with few modifica-
tions of the protocol, as shown in Fig. 2. Another application for
LNAzymes could be purity checks of microbial isolates. Micros-
copy-based tools such as FISH are insufficient for this purpose,
because rare contaminants would be overlooked due to the high
detection limit of 1,000 to 10,000 cells per ml (59). Even PCR and
DGGE analysis of 16S rRNA genes may not detect populations
whose abundance is below 1% of the total community (17). The
use of a 16S rRNA-directed LNAzyme, which is specific for the
organism to be purified, would deplete this most abundant target
and facilitate the detection of other organisms. As the application
of LNAzymes does not require expensive or specialty equipment,
the method should be usable in most laboratories where basic
infrastructure for molecular work is available.

Recently developed high-throughput sequencing techniques
allow the detection of the “rare biosphere” by providing large
numbers of sequence reads per sample (e.g., see references 4 and
5). These methods undoubtedly mark a new era of microbial di-
versity analyses. However, their use for routine applications and
smaller projects is still limited by the computational efforts needed
to analyze the massive amounts of data and to compensate for
methodical biases (60, 61) and by the relatively high costs per
sequencing run. Moreover, current deep-sequencing techniques
cannot be applied if (nearly) full-length rRNA gene sequences are
needed for phylogenetic analyses or probe and primer design and
if new probes or primers must be evaluated in experiments using
the cloned target genes. In such cases, the LNAzyme-based ap-
proach complements the deep-sequencing methods, because it
facilitates the cloning of full-length rRNA genes of rare organisms.
Moreover, diversity analyses by deep sequencing of uneven mi-
crobial communities could benefit from LNAzyme-mediated de-
pletion of the most dominant sequence types prior to the sequenc-
ing step. This would increase the number of sequence reads from
rarer organisms and thus improve the coverage of the rare portion
of the community.

The characterization of rare biosphere organisms is a difficult
but important challenge for microbial ecology. Despite their low
abundance, these microbes can be key players in ecosystems, like a
rare Desulfosporosinus species that represented only 0.006% of the
total microbial community but turned out to be an important
sulfate reducer in a peatland (62). LNAzymes are a promising tool
that offers more direct access to these often overlooked commu-
nity members and thus will help to achieve a more complete un-
derstanding of their functions.
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Supplemental Text: Discussion

Many of the accompanying organisms detected in the Ca. N. defluvii enrichment were

closely related to cultured bacteria or to 16S rRNA gene sequences retrieved in other studies

from wastewater treatment facilities such as nitrifying or denitrifying bioreactors (Table S2).

As Ca. N. defluvii has been enriched from activated sludge (1), these results suggest that

most members of the accompanying community also stem from the original inoculum and

were not introduced by later contamination of the enrichment in the laboratory or by us via

contaminated reagents used for the various steps in the protocol prior to the final RT-PCR

(2). The enrichment of Ca. N. defluvii was started in the year 1997 (1), so that most

accompanying populations may have been co-cultured with Nitrospira for more than a

decade. The amounts of non-Nitrospira cells in the enrichment varied during this period (1;

and unpublished data of the authors), but despite extended efforts, these organisms could not

be completely removed to obtain a pure culture of Ca. N. defluvii. Thus, it is tempting to

speculate that they are persistent commensals or even mutualistic symbionts of Nitrospira.

The closest cultured relatives of some accompanying organisms are heterotrophs growing on

a broad range of organic substrates including carbohydrates, which may be components of the

extracellular matrix formed by Ca. N. defluvii (1). Members of the Bacteroidetes, for

example, are known to degrade biopolymers and high-molecular-weight dissolved organic

matter (3), and were present in the Ca. N. defluvii enrichment (Table S2). Heterotrophic

commensals may also feed on lysed Nitrospira biomass or may use soluble organic

compounds released by the autotrophic nitrifiers (4, 5). Two of the cultured heterotrophic

relatives, Afipia birgiae and Terrimonas lutea (Table S2), are known to reduce nitrate (6, 7).

Nitrate reducers would benefit from the nitrate produced by Nitrospira from nitrite,

especially if they grow in the possibly oxygen-depleted central regions of the large flocs

formed by Nitrospira in this culture. In addition, nitrate reduction by such organisms could
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attenuate end-product inhibition by nitrate of Nitrospira, which has been observed for N.

moscoviensis (8) and also for Ca. N. defluvii whose microcolonies disintegrate after nitrate

accumulation (1).
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Table S1. Primers, oligonucleotide probes, and LNAzymes used in this study.

Oligonucleotide Sequence (5´- 3´)

Probes used for FISH

Ntspa1431 (6) TTG GCT TGG GCG ACT TC

EUB338 (1) GCT GCC TCC CGT AGG AGT

EUB338-II (2) GCA GCC ACC CGT AGG TGT

EUB338-III (2) GCT GCC ACC CGT AGG TGT

PCR Primers

1492R (5) GGY TAC CTT GTT ACG ACT T

8F (modified) (3, 4) AGA GTT TGA TYM TGG CTC

T3-8F (7) AAT TAA CCC TCA CTA AAG GG AGA GTT TGA TYM

TGG CTC

907R (5) CCG TCA ATT CMT TTG AGT TT

LNAzymes

Ntspa668 (this study)1 CTA CAC CGG GAA GGC TAG CTA CAA CGA TCC

GCG CTC C

Ntspa665 (this study)1 CCG CTA CAC CGG GAA GGC TAG CTA CAA CGA

TCC GCG CTC CTC TCC

Nso215 (this study)1 AAC TAG CTA ATC AGA GGC TAG CTA CAA CGA

ATC GGC CRC TCC

Helper probes

Ntspa630help (this study) CCT CTA GCC KRG CAG TMC CCT CYG CRC TTT CC

Ntspa700help (this study) GCC ACC GGC CTT CCT CCC GAT CTC TAC GC

1 LNA nucleotides are underlined and substrate-binding arms are in boldface.
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Table S2. 16S rRNA sequences retrieved from clone libraries that were established from the

Ca. Nitrospira deluvii enrichment with preceding treatment by LNAzymes targeting Ca. N.

defluvii.

Next cultured relative
(identity)

Next uncultured relative,
GenBank accession no.

(identity)

Sequences from
8F - 907R RNA

library

Sequences from
8F - 1492R RNA

library

Sequences from
8F - 907R DNA

library
Betaproteobacteria

Methyloversatilis universalis
(99.1 %)

denitrifying sequencing batch reactor
clone, HQ703525 (99.9 %) 2

Methyloversatilis universalis
(98.6 %)

denitrifying fluidized bed reactor
clone, DQ202141 (99.7 %) 1 1

Rubrivivax gelatinosus
(96.5 %)

activated sludge clone,
EU283352 (98.7 %) 1

Denitratisoma oestradiolicum
(91.9 %)

denitrifying bioreactor clone,
FJ167494 (99.7 %) 1

Variovorax paradoxus
(99.8 %)

biofilm on oxygen-transfer membrane
clone, AY444994 (99.8 %) 1

Alphaproteobacteria
Meganema perideroedes

(90.8 %)
soil clone,

GQ169020 (98.2 %) 1 1 2
Caedibacter caryophilus

(88.0 %)
autotrophic nitrifying biofilm reactor

clone, FJ529966 (94.9 %) 1
Geminicoccus roseus

(85.5 %)
activated sludge clone,

HQ385549 (98.8 %) 1
Rhodobacter litoralis

(95.4 %)
autotrophic nitrifying biofilm reactor

clone, FJ529978 (98.4 %) 2
Pelagibius litoralis

(93.1 %)
soil clone,

HQ727620 (96.13 %) 1
Afipia birgiae

(99.6 %)
clean room clone,

EU071489 (99.9 %) 1

Bacteroidetes
Terrimonas lutea

(95.0 %)
activated sludge clone,

FJ536929 (99.3 %) 2 2
Flexibacter flexilis

(83.8 %)
Hanford site subsurface clone,

HM186924 (91.8 %) 4 5 4

Chlorobi

N.A. iron snow from acidic coal clone,
FR667812 (92.9 %) 2

Gemmatimonadetes
Gemmatimonas aurantiaca

(90.1 %)
oil seep clone,

EF157193 (96.6 %) 1

Actinobacteria

Mycobacterium austroafricanum
(99.8 %)

indoor dust clone,
AM697434 (98.8 %) 2

Cyanobacteria
Gloeobacter violaceus

( 82.7 %)
human skin clone,
JF219539 (100 %) 2

Deinococcus-Thermus
Meiothermus ruber

(90.7 %)
compost clone,

FN667273 (90.4 %) 2
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Figure S1

Fig. S1. Sequence alignments of the LNAzymes Nso215 and Ntspa668 to the respective

binding regions on the four 16S rRNA genes, which were used in artificial mixtures to

evaluate the LNAzymes and the cleavage protocol (see also Table 1 and Fig. 3 in the main

text). LNA residues are printed in boldface. Base mismatches between the substrate-binding

arms of the LNAzymes and the 16S rRNA sequences are indicated by capital letters, whereas

full matches (complementary bases) are indicated by dots. Arrows indicate the cleavage sites.
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Figure S2 A
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Figure S2 B
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Figure S2 C
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Figure S2 D
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Fig. S2. Evaluation of the LNAzyme cleavage protocol with artificial mixtures of cloned

partial 16S rRNA genes (see Table 1 in the main text). The bars show the relative abundances

of the rRNA genes in the mixtures before and after one or two iterations of the LNAzyme-

mediated depletion of the Nitrosomonas and/or Nitrospira rRNA. Control experiments

without added LNAzymes are also shown (the second iteration without LNAzyme was

performed after a first iteration with LNAzyme). The relative abundances were determined

by T-RFLP analysis. This figure shows the complete T-RFLP profiles, whereas Fig. 3 (main

text) contains the relevant peaks only. Terminal restriction fragment lengths were determined

to be 488 bases for Commamonas, 492 bases for Nitrosomonas, 515 bases for the

Chloroflexi-related organism, and 612 bases for Nitrospira. Panels (A)-(D) show the same

experiments as the respective panels of Fig. 3 (main text). The non-target peaks represent

artifacts, which are common in T-RFLP analyses of mixed templates and may be caused by

the presence of single-stranded PCR amplicons (1), the formation of heteroduplexes or

chimeras (2), or by incomplete or unspecific cleavage of the targets by the restriction enzyme

(3). Error bars depict standard deviations of three replicate experiments.
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Figure S3 A
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Fig. S3. Depletion of the 16S rRNA of Ca. N. defluvii from (A) DNA or (B) native RNA that

was extracted from the Ca. N. defluvii enrichment culture. The bars show the relative

abundances of the 16S rRNA genes of Ca. N. defluvii and of other bacteria before and after

one or two iterations of the LNAzyme-mediated depletion. Control experiments without

added LNAzymes are also shown (the second iteration without LNAzyme was performed

after a first iteration with LNAzyme). The relative abundances were determined by T-RFLP

analysis. This figure shows the complete T-RFLP profiles, whereas Fig. 4 (main text)

contains selected peaks only. Applied LNAzymes were Ntspa668 (panel A) and Ntspa668 or

Ntspa665 (panel B, which also shows the effects of additional helper probes on the efficiency

of target depletion). HP = helper probes. Error bars depict standard deviations of three

replicate experiments.
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Figure S4

Fig. S4. Heatmap analysis of published rRNA-targeted probes (deposited in probeBase) that

contain at least one RU cleavage site in their target region and thus are promising starting

points for the design of specific LNAzymes. For each probe the lengths of the substrate-

binding arms (in nucleotides), which would determine the suitability of the probes for use as

LNAzymes, was determined and probe numbers for different arm lengths are presented.

Probes that contained an RU cleavage site, but had arm lengths below or above the indicated

ranges, were excluded from the analysis. The green rectangle encloses probes that may be

used as efficient LNAzymes without elongation of any substrate-binding arm (i.e., the

sequences upstream and downstream of the most centrally located RU cleavage site). The

yellow rectangle encloses probes that might need elongation (in one direction) by a few
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nucleotides to become efficient LNAzymes. The remaining probes have at least one very

short substrate-binding arm, indicating that more extensive changes may be required for

LNAzyme design based on these probes, which might lead to a reduced specificity and/or

target group coverage. Please note that these assessments of LNAzyme efficiency are based

on the results of this study and could be subject to modification when more rRNA-targeted

LNAzymes have been designed and used in practice.
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Abstract

In situ identification of microbes using catalyzed reporter deposition fluorescence in situ

hybridization (CARD-FISH) with rRNA-targeted oligonucleotide probes is an important and

widely applied tool for environmental and medical microbiologists. Here we present an easy-

to-use CARD-FISH method that employs click-chemistry for the detection of rRNA-bound

oligonucleotide probes within single microbial cells. Click CARD-FISH was successfully

used to specifically detect bacteria and archaea in a collection of samples containing complex

microbial communities, including sections embedded in three commonly used embedding

media. Compared to CARD-FISH, Click CARD-FISH can improve the signal intensity of the

labeled microbes. In addition, Click CARD-FISH was applied to label probe-identified

bacteria with fluorine or deuterium for subsequent detection in NanoSIMS analyses. Its high

signal intensity, specificity, and broad applicability should render Click-CARD-FISH an

attractive method for all researchers interested in the in situ analyses that extend beyond

fluorescence signal detection.

Introduction

Fluorescence in situ hybridization (FISH) with dye-labeled rRNA-targeted oligonucleotide

probes is the most direct way to detect and identify microorganisms in medical or

environmental samples. This technique was introduced for phylogenetic staining of microbes

more than 20 years ago (1) and is considered today by many researchers as the gold standard

for quantification of members of abundant microbial clades in complex communities (2-4). In

contrast to the various DNA sequencing-based techniques, which are also available for

studying microbial community structures, FISH results are not influenced by rRNA gene

copy number variations (5, 6), polyploidy (7-9), DNA-extraction and PCR-amplification

biases (10-13) as well as artifacts of cloning (14, 15) or sequencing (16). However,

insufficient signal intensity of FISH-stained microbes caused by a low cellular ribosome

content (2) and/or selection of probe target sites with limited accessibility (17-19) often

hampers the application of this method in its conventional format. Consequently,

considerable effort has been invested to develop techniques for amplification of FISH signals

(20), which are often based on the use of multilabeled polynucleotide probes (21-23) and/or

catalyzed reporter deposition (CARD) of dye-labeled tyramides via horseradish-peroxidase
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(HRP) conjugated nucleic acid probes (24, 25). CARD-FISH with HRP-labeled

oligonucleotides is about 26-41x more sensitive than conventional FISH, but still requires at

least 36-54 target molecules per cell if applied in environmental samples with an average

autofluorescence background (26).

The signal amplification achievable with CARD-FISH is also exploited for efficient labeling

of microbes in Nano secondary ion mass spectrometry (NanoSIMS) single cell stable isotope

probing experiments (27). Here, the tyramides deposited by CARD in the target cell are

labeled with a halogen-containing fluorescent dye like Oregon Green® 488-X allowing the

mass spectrometric detection of hybridized cells by their halogen signal (28, 29). However,

FISH signal amplification is not only used for improving the identification of microbes, but it

has also enabled microbial ecologists to detect specific mRNA molecules or even single

genes within individual prokaryotic cells (30) though these approaches are still tedious,

require special skills and need to be adapted for each sample.

Due to the importance of FISH techniques offering the straightforward deposition of various

labels within the target cell, we aimed to develop a new CARD-ISH procedure that offers

more labeling flexibility than conventional CARD-FISH. For this purpose we explored a

combination of CARD-ISH and click chemistry (31-34) for specific labeling of microbial

target cells. We focused on click reactions between (cyclo-)alkyne groups and azides, which

can react with each other in a Cu(I)-catalyzed (3+2] cycloaddition (35, 36) or in a copper-free

strain-promoted azide-alkyne cycloaddition (SPAAC) (37). In this approach cells can either

be labeled with a compound containing an azide or an (cyclo)alkyne group (38-41). A major

advantage of these click reactions is their high specificity as azides and alkynes show little

side reactivity with other functional groups found in biological systems under the commonly

used mild reaction conditions. Furthermore, reactive azide groups are absent in biological

systems (31), but a few compounds with alkyne groups exist in cells (42).

Pioneering studies in microbiology have used azide-labeled lysostaphin for detection of

Staphylococcus aureus via SPAAC (43) as well as an azide-labeled component of the

lipopolysaccharide for activity staining of Gram-negative bacteria (44) and an alkyne-labeled

modified deoxynucleoside for detection of phages within their bacterial hosts (45) via Cu(I)-

catalyzed (3+2] cycloaddition. However, click-chemistry has to the best of our knowledge not

yet been exploited for FISH-based detection of microbes.

In order to combine CARD-ISH with specific click labeling we modified tyramine with a

bicyclo(6.1.0]nonyne (BCN) group that readily reacts with azides in SPAAC reaction (46).

Using this approach, bacteria and archaea in artificial mixtures and complex natural samples
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were successfully labeled with azide-bearing fluorophores. We demonstrated single-

mismatch discriminating potential of this “Click-CARD-FISH” (CCF) procedure, showed

that it can yield higher signal intensity than conventional CARD-FISH, and pointed on its

versatility by simultaneously labeling target cells with deuterium and a fluorescence dye for

combined fluorescence microscopy and NanoSIMS analyses.

Materials and Methods

Bacterial strains and environmental samples: Escherichia coli (DSM 498), Burkholderia

cepacia (DSM 7288) and Bacillus subtilis (DSM 10) were grown in LB medium (47) at 37°C

under vigorous shaking until OD600 reached ≈ 0.8. For NanoSIMS analyses, E. coli and B.

subtilis were grown in mineral medium that contained per liter 12.8 g Na2HPO4, 3.0 g

KH2PO4, 0.5 g NaCl, 0.5 g MgSO4 × 7H2O, 0.015 g CaCl2 × 2H2O, 1.0 g NH4Cl, 1 ml of

non-chelated trace elements mixture and 1 ml of selenite-tungsten solution. Trace element

solutions were prepared as described previously (48). Prior to filter-sterilization with 0.2 μm

syringe filters (Asahi Glass Co. LTD, Yoshida, Japan), 13C glucose was added to the medium

to a final concentration of 2 g per liter. To ensure homogenous 13C enrichment, cells from an

overnight culture grown at 37°C under vigorous shaking were transferred twice to a new tube

with the respective medium before cells were harvested by centrifugation at 14,000 × g for 5

min at 4°C and fixed using a slight modification of the procedures described previously (49).

In short, bacteria were fixed by re-suspending the pellet in a 1:1 mixture (vol/vol) of 1 ×

phosphate-buffered saline (PBS):ethanol and stored at -20°C. Alternatively, cell pellets were

resuspended in 2% formaldehyde in PBS and incubated at 4°C for 3 h. After three washes in

ice-cold 1 × PBS (pH 7.5), cells were resuspended in a 1:1 mixture (vol/vol) of 1x

PBS:ethanol and stored at -20°C. Environmental samples used in this study, sampling

locations and enrichment conditions (if applicable) are shown in Table A1. All samples were

fixed with formaldehyde prior to further analysis (49). The soil was homogenized by passage

through a 2 mm sieve and fixed in 4% (v/v) formaldehyde for 1 hour at room temperature.

Fixed samples were washed in 1 × PBS (pH 7.6) and stored in PBS and ethanol mixture at

separated from soil particles using a nycodenz (Axis-Shield, Oslo, Norway) density gradient.

Prior to hybridization, cells were filtered onto 0.2 μm polycarbonate filter (Millipore,

Billerica, MA). Mouse gut samples were embedded in acrylic resin LR White (Ted Pella,
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Redding, CA, USA), marine sponge samples in Neg-50 (Richard-Allan Scientific,

Kalamazoo, MI, USA; now ThermoFischer) and biofilm from carstic cave in paraffin

(Paraplast plus, Leica Microsystems, St. Louis, MO, USA). Subsequently sections with a

thickness of approx. 0.5 μm (mouse gut), 4 μm (sponge samples) and 7 μm (cave biofilm)

were obtained. Detailed descriptions of sample collection, embedding, and sectioning can be

found elsewhere (50-52). Before hybridization, paraffin was removed from glass slides by

two subsequent, 5 min washing steps in xylene (mixture of isomers; Carl Roth, Karlsruhe,

Germany), followed by two 5 min washing steps in ethanol.

FISH-, CARD-FISH- and CCF-procedures: Probes labeled with fluorescent dyes or HRP

were obtained from Thermo Fisher (Thermo Fisher Scientific, Ulm, Germany). The applied

rRNA-targeted probes are listed in Table A2. After immobilization of fixed cells on teflon-

coated 10 well glass slides (Marienfeld, Lauda-Königshofen, Germany), in situ hybridization

was performed as described before (49) with hybridization and washing times of 1.5 h and 10

min, respectively.  For FISH with 5´- and 3´-doubly labeled oligonucleotide probes (DOPE-

FISH) and CARD-FISH, the procedures used by Stoecker et al. (20) and Hoshino et al. (26),

respectively, were applied. For CARD-FISH 6-carboxyfluorescein- (6-FAM) tyramides,

propargyl-dPEG®-tyramides, and BCN-tyramides (Figure A1 A-C) were used. For initial

experiments these tyramides (with the exception of the 6-FAM tyramide) were synthesized

in-house by using respective N-hydroxysuccinimide (NHS) esters purchased from Quanta

Biodesign (Powell, OH, USA) and SynAffix B.V. (Nijmegen, Netherlands) in HPLC vials as

reaction vessels as described before (53). Later on, 6-FAM- and BCN-tyramides with min.

95% purity were obtained from SynAffix. HRP-labeled probes EUB338, NON338 and

Arch915 were used at a final concentration of 16 nM. During competitive hybridizations

using probes GAM42a-HRP and BET42a-Cy5, the final probe concentration was 16 nM for

either probe.

To allow the propargyl group of the propargyl-dPEG® tyramides after deposition in the target

cells to react with 6-FAM azide (baseclick, Tutzing, Germany) (Figure A1, panel D), 20 μl of

ice-cold reaction buffer (100 mM Tris-HCl pH 7, 2 mM CuSO4, 25 μM 6-FAM azide, 100

mM ascorbic acid) was added to the cells and incubated on ice for 30 min. To label deposited

tyramides carrying a BCN group within target cells, 20 μl of reaction buffer (identical in

composition to the amplification buffer used for CARD-FISH but without tyramides and

H2O2 but with 25 μM 6-FAM azide) was added and allowed to react for 30 min at room

temperature. 6-FAM azide stock solution was prepared by resuspending the dye in a 3:1
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(vol/vol) mixture of DMSO and tert-butanol (baseclick) to a final concentration of 1 mM.

Subsequently, regardless of the click chemistry used, slides were washed three times for 5

minutes in 50 ml 1 × TTBS (50 mM Tris-base, 150 mM NaCl, 0.5% Triton X-100 (vol/vol);

pH was adjusted to 7.2 with HCl] with slight shaking at room temperature. Finally, remaining

salts and solutes were removed by dipping the slide in ice-cold deionized water for 10

seconds and drying it quickly with compressed air.

Fluorescent images were recorded with a Zeiss LSM 510 Meta confocal laser scanning

microscope equipped with Argon (458, 477, 488, and 514 nm) and HeNe (543 and 633 nm)

lasers. The xy-resolution of the images was 1024 × 1024 or 2048 × 2048 pixels, and at least

50 cells were analyzed for each fluorescence intensity data point. Signal intensities were

analyzed by using the software package daime (4).

Nano-SIMS analysis: For NanoSIMS analysis, formaldehyde fixed cells or tissues were

deposited onto boron-doped silicon wafers (7 × 7 × 0.7 mm) (Active Business Company

GmbH, Munich, Germany) and allowed to dry. Cells were hybridized as described above, but

higher grade chemicals were used (e.g. pure instead of technical ethanol) and after treatment

cells were dried in a gas stream of high purity N2 instead of compressed air. NanoSIMS

measurements were carried out on a NS50L instrument from Cameca (Paris, France). Prior to

data acquisition, analysis areas were pre-sputtered utilizing a high intensity, defocused Cs+

primary ion beam. Data were acquired as multilayer image stacks obtained by sequential

scanning of a finely focused Cs+ primary ion beam over areas between 30 × 30 and 40 × 40

μm2 with 512 × 512 pixel image resolution and approx. 80 nm physical resolution.

In the fluorine measurements, pre-sputtering was performed until a primary ion dose density

of 1.4E16 ions/cm2 was achieved. The detectors were positioned to enable parallel detection

of 12C-, 13C-, 19F-, 12C14N- and 31P- secondary ions and the mass spectrometer was tuned to

achieve a mass resolving power (MRP) of 9.100 (according to Cameca`s definition) at the

mean radius of the C- secondary ions. Images were recorded with a total dwell time of

45 msec/pixel.

In the deuterium measurements, pre-sputtering was finished at a primary ion dose density of

7.9E15 ions/cm2 and the total dwell time for image acquisition was increased to

300 msec/pixel to improve counting statistics. The detectors were adjusted for simultaneous

detection of 16O1H-, 16O2H-, 12C2
-, 12C13C- and 31P- secondary ions at a MRP of 10.200 and

13.400 for OH- and C2
- ions, respectively. It should be noted that 16OH- molecular ions were

selected for determination of the hydrogen isotope composition since the limited length of the
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spectrometer (viz. the magnet) impedes parallel detection of any ions > 21 amu if atomic H-

ions are detected. Nevertheless, 16O2H- possesses two isobaric species, i.e. 17OH- and 16O1H2
-,

which are located at the lower and higher mass end, respectively. Since the mass separation

of these two isobars is too low for simultaneous blanking, the detector was positioned for

selective blanking of 16O1H2
- ions. The contribution of 17OH- ions to the signal intensity of

16O2H- was estimated from the 16O1H- signal intensity via multiplication by the 17O/16O

isotope ratio, which, on average, amounts to 0.000380 (54) in biomass with natural oxygen

isotope abundance. The applicability of this approach was evaluated by measurements of

cells treated by CCF after hybridization with the negative control probe NON338. The

determined 2H / (1H + 2H) isotope fraction value of 0.022 +/- 0.016 at% was found to be in

reasonable agreement with the natural abundance of deuterium, which is in the range from

0,011% to 0,016% (55-57).

Image data were evaluated using the WinImage software package provided by Cameca. Prior

to stack accumulation, the individual images were aligned to compensate for positional

variations arising from primary ion beam and/or sample stage drift. Secondary ion signal

intensities were dead time corrected on a per-pixel basis. 13C / (12C + 13C) isotope fraction

distribution maps, given in at%, were plotted by calculation of the 13C-/(12C- + 13C-) and
12C13C- / (12C13C- + 2*12C2

-) signal intensity ratios for detection of the mono- and diatomic

carbon ion species, respectively. Accordingly, 2H / (1H + 2H) isotope fractions were obtained

from calculation of 16O2H- / (16O1H- + 16O2H-) intensity ratios after background correction of

the 16O2H- signal. Regions of interest (ROIs), referring to individual cells, were manually

defined utilizing the nitrogen and phosphorus related secondary ion signal intensity

distribution maps as indicators of biomass. These ROIs were cross-checked by the

topographical/morphological appearance of the sampled areas in secondary electron intensity

distribution images that were recorded simultaneously with the secondary ion images.
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Results

In CARD-FISH, microbial target cells are labeled with nucleic acid probes conjugated to

HRP. After hybridization, HRP-molecules immobilized within the cells catalyze the

oxidation of soluble fluorescently-labeled tyramides in the presence of H2O2, which results in

a covalent link between the phenolic group of the tyramides and tyrosine containing proteins

of the cell (58). In order to develop a CARD-FISH procedure for the characterization of

microbes in complex samples that exploits the advantages of click chemistry, we tested two

new approaches based on Cu(I)-catalyzed (3+2] cycloaddition and SPAAC, respectively. For

this purpose, tyramides carrying either a terminal alkyne (propargyl-dPEG®-tyramides;

Figure A1B) or a BCN group (Figure A1C) instead of a fluorescent dye (Figure A1A) as in

conventional CARD-FISH were used as substrate for HRP. Fixed E. coli cells were

hybridized with HRP-labeled probe EUB338 and after enzyme-mediated deposition of

propargyl-dPEG®-tyramides these could be detected with azide modified 6-FAM (Figure

A1D and E) in a Cu-dependent click reaction. Bright fluorescence signals were observed, but

the signals obtained after using BCN-tyramides and SPAAC of azide modified 6-FAM

(Figure A1F) were found to be even brighter and more homogeneous (data not shown).

Furthermore, Cu(I)-catalyzed (3+2] cycloaddition-based CCF resulted in contrast to SPAAC-

based CCF in unspecific signals in some environmental samples (Figure A2). Consequently,

the latter approach was used in all subsequent experiments.

Comparison of CCF with CARD-FISH and application of CCF. Compared to

conventional CARD-FISH, BCN-based CCF resulted in brighter fluorescence signals of both

Gram-negative E. coli and Gram-positive B. subtilis cells (Figure 1). In addition, for both

reference species no apparent differences in the homogeneity of the obtained signals between

the individual cells were observed if CARD-FISH and CCF stained cell preparations were

compared. We did, however, notice a significant variation in the signal intensity of CCF

(Figure 1C). On average, the signals achieved with CCF were 1.6 times brighter than those

obtained with CARD-FISH staining. As expected both CARD-FISH approaches resulted in

much brighter signals than FISH or DOPE-FISH, but it should be noted that these signal

intensity differences were underestimated in our measurements due to the limited dynamic

range of the detector of the confocal microscope. Huge differences in signal intensity

between the methods led to detector saturation for CARD-FISH and CCF-labeled cells in

microscope settings that allowed recording the much weaker signals from FISH or DOPE-
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FISH treated cells (Figure 1). In the negative control using probe NON338-HRP no CCF

signals were detectable for both reference strains even when high sensitivity settings of the

detector were selected (Figure 1), demonstrating that 6-FAM azide does not react with

cellular material. Regarding the specificity of CCF (mismatch discrimination at the probe

target site) it is important to keep in mind that the hybridization and washing conditions that

ensure stringency are the same as in the well-established CARD-FISH protocols.

Consequently, no differences in specificity of CCF compared to CARD-FISH are expected

and consistent with this assumption single mismatch discrimination of CCF could be

demonstrated (see below).

In the next step, the suitability of CCF for detection of bacteria within different types of

formaldehyde fixed samples containing complex microbial communities (activated sludge,

peat soil enrichment culture, soil bacteria, fish tank filter biofilm, mouse gut, rock biofilm

and several sponge samples) was evaluated by using probes EUB338-HRP and NON338-

HRP, respectively. Some examples are shown in Figure 2 and A3. With all samples, no CCF

related background fluorescence was observed. In addition, labeling of bacteria with CCF in

LR White embedded mouse gut sections (Figure A3), paraffin-embedded cave biofilm

samples grown on rock material (Figure 2) as well as Neg-50 (a cryogenic water-soluble

section medium) embedded sponge sections (Figure 2 and A3, here also archaea were

detected by CCF) was achieved, demonstrating compatibility of CCF with a variety of

embedding media widely used in microbiology research. Except when used to stain soil

bacteria, CCF yielded strong signals. Interestingly, the fluorescent signal in activated sludge

was more dependent on the tyramide concentration in CCF than in CARD-FISH. Gradually

increasing the tyramide concentration from 6 μM to 45 μM had no effect on the staining of E.

coli, it did, however, had a pronounced effect on the CCF staining of bacteria in activated

sludge (Figure A5).

Identification of Click CARD-FISH labeled bacteria by NanoSIMS. To test the suitability

of CCF for direct identification of microbes in NanoSIMS analyses Atto514-azide (Figure

A1G) was used instead of 6-FAM-azide in the labeling reaction as the former dye contains 6

fluorine atoms per molecule, which are detectable by NanoSIMS with high sensitivity and

also high specificity in samples with low fluorine background. Indeed, CCF of E. coli and B.

cepacia artificial mixture using probe EUB338-HRP resulted in 19F- / (12C- + 13C-) signal

intensity ratios of cells, which were approximately 20 and 50 fold higher, respectively, than
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those obtained after hybridization with the negative control probe (Figure 3A). The higher

fluorine signal intensity in the B. cepacia cells likely reflects their much higher cellular

ribosome content as this strain was grown in a full medium, while the E. coli cells were

cultivated in a defined medium. Furthermore, single mismatch discrimination of CCF was

demonstrated by hybridizing a mixture of E. coli and B. cepacia cells with probes GAM42a-

HRP and probe BET42a-Cy5 as competitor probe (59). After CCF, Atto514-mediated

deposition of fluorine could only be observed in E. coli cells, while the B. cepacia cells

having a single mismatch in their 23S rRNA to probe GAM42a were not labeled with

fluorine (Figure 3A, Figure 4). As expected CCF caused a dilution of the 13C-signal of the

labeled E. coli cells as the procedure deposits C-containing molecules (e.g. BCN tyramide,

Atto514 dye) in the target cells.

In addition to strong probe-conferred halogen labeling of microbial cells for NanoSIMS

analyses, CCF was also successfully applied to label probe-target cells with deuterium for

subsequent NanoSIMS detection. This option will be particularly attractive for samples with

a high natural halogen background. For this approach, BCN tyramides were synthesized

containing four deuterium atoms (Fig. A1H). CCF was performed with E. coli and B. cepacia

as described above using these tyramides and Atto514-azide (for screening of the wafers by

fluorescence microscopy) leading to specific deposition of deuterium in cells after

hybridization of the respective probes and subsequent signal amplification (Figure 3B, Figure

4F, Figure A4).

Discussion

CARD-FISH is very widely applied by microbiologists to detect, identify and quantify

microbial populations in complex samples with rRNA-targeted oligonucleotide probes (60-

64). The strong signal amplification achieved by this method renders it particularly useful in

samples with high autofluorescence and/or with target microbes possessing a low cellular

ribosome content. However, the signal-to-noise ratio of CARD-FISH signals in such samples

is often still suboptimal. Consequently, there is a need for new methods that allow for even

stronger signal amplification, but retain at the same time the simplicity and specificity of the

CARD-FISH protocol. The easy-to-use CCF technique developed in this study may allow

more sensitive detection of environmental microorganisms. Conveniently, for published
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probes the recommended stringent hybridization and washing conditions for CARD-FISH do

not have to be adapted for CCF as the latter method only differs in the way the HRP-labeled

oligonucleotide probes that are bound to rRNA are detected. Nevertheless, the same rules that

apply for FISH and CARD-FISH apply also for CCF. Competitor probes are commonly used

in FISH (e.g. 65) and CARD-FISH (e.g. 66) to reduce unspecific probe binding. Use of

competitor probes was necessary to achieve the single mismatch discrimination of CCF

(Figure A4). Even when we increased the formamide concentration to 10% above the

recommended concentration for the probe GAM42a, we could still observe strong unspecific

staining of B. cepacia (Figure A6). In addition, we could observe staining signals even when

only a fraction of available ribosome target sites were hybridized to HRP-conjugated probe

(Figure A7), thus quantitative blocking with competitor probes is probably essential to

prevent any undesired probe binding.

For Gram-negative as well as Gram-positive bacteria CCF yields brighter signal intensities as

conventional CARD-FISH (Figure 1). On average, 1.6 times brighter signals were observed

with CCF (ranging between 1.2 and 2 fold signal increase in six experiments conducted over

two years with E. coli). Unfortunately, we did not use independent internal fluorescence

intensity control (like fluorescent microspheres), thus we do not know whether the signal

intensity variation stems from CARD-FISH, CCF, or both. As the in situ click reaction is

probably not quantitative, the increase in signal intensity may reflect efficient labeling with

the BCN-tyramide used for CCF. Possible reason for this is its smaller size (Figure A1) – it

could be a better substrate for the HRP than the dye-coupled tyramides applied for

conventional CARD-FISH. Alternatively, BCN- and 6-FAM tyramides are be deposited with

similar efficiency, but as the fluorescent dye is not exposed to possible oxidation by HRP,

higher fluorescence intensity can be observed in CCF. In contrast to the CCF, signal intensity

of the CARD-FISH in complex samples was relatively high regardless of the tyramide

concentration in the amplification buffer. This possibly stems from more favorable diffusion

kinetics of 6-FAM tyramides and their better penetration through hydrated biofilm matrix

(Figure A5). Indeed, such phenomenon was not observed in experiments with E. coli that

were dispersed mostly as single cells (and thus having high effective surface/volume ratio).

Similarly, when ample amounts of activated sludge biomass were applied to the well, the

CCF resulted in the strong labeling of biomass on the edge, but not in the center of the well.

No such bias could be observed when flocks were isolated from each other (data not shown).

We speculated that the low relative signal intensity of CCF in soil samples stems from the

low ribosome content of dormant bacteria. Consistently better performance of CCF (in
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staining pure cultures) could also mean that high ribosome content is disadvantageous for

CARD-FISH staining. By using probe competition approach as described by Hoshino and

colleagues (26) we artificially decreased the number of available probe binding sites in E.

coli. Although our results did not show a bias toward any method resulting from number of

HRP-probes present in the cell (Figure A7), further physiological differences between the

dormant and active cell states (67) could, however, affect the CCF performance but were not

addressed by our approach. Furthermore, no false positive signals were observed with the Cu-

free SPAAC-based CCF protocol in all environmental samples tested including sectioned

material embedded in three commonly used embedding media (Figure 2, Figure A3),

although several cyclic alkyne-containing secondary bacterial metabolites have been

described that could possibly react with azides. Among those are the enediynes produced by

some actinomycetes (68-70), as well as nostocyclyne A produced by the cyanobacterium

Nostoc (71). In contrast, unspecific binding of 6-FAM azide in the presence of Cu (I)

occurred in activated sludge even without added HRP-labeled probes (Figure A2), indicating

that cells producing compounds with terminal alkyne groups (for a review see 42) occurred in

these systems.

Besides its improved signal amplification and its specificity, an additional advantage of CCF

is its flexibility regarding the choice of detector molecules that can be bound to the BCN

tyramides, which are immobilized in the target cells due to the activity of the HRP. Many

azide-modified fluorescent dyes with various excitation and emission maxima are

commercially available. In addition, many other azide-linked detector molecules like azide-

labeled oligopeptides can be easily prepared (72, 73) and can be covalently linked to the BCN

tyramides within microbial cells using click chemistry with the protocol described in this

study. For example, 6-FAM-azide was used for the fluorescence signal intensity

measurements of CCF (Figure 1), while Atto514-azide was applied for the NanoSIMS

measurements (Figure 3, Figure A4) as this dye contains six fluorine atoms per molecule.

Halogen-CCF using Atto514 resulted in strong fluorine-labeling of the probe target cells and

this approach might thus be particularly useful in samples containing a relatively high

fluorine background like sponge tissue and mouse gut. Furthermore, in our hands storage of

Oregon Green® 488-X-labeled tyramides that were used in previous halogen-CARD-ISH

protocols for allowing the mass spectrometric detection of hybridized cells by NanoSIMS

(28, 29) strongly reduces the halogen signal without affecting the fluorescence (data not

shown), while such an effect could not be observed for Atto514-azide in CCF. Halogen-CCF

is thus a promising method for direct identification of microbes in NanoSIMS analyses,
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however it adds carbon, hydrogen and to a lesser extent oxygen, nitrogen and sulfur

molecules to the target cells and thus dilutes the signal of stable isotopes of these atoms in

target cells (Figure 3). This dilution effect, which has recently been described also for

halogen CARD-ISH (D. Woebken, L. C. Burow, F. Behnam, X. Mayali, A. Schintlmeister, E.

D. Fleming, L. Prufert-Bebout, S. W. Singer, A. López Cortés, T. M. Hoehler, J. Pett-Ridge,

A. Spormann, M. Wagner, P. K. Weber and B. M. Bebout, Revisiting N2 fixation in Guerrero

Negro intertidal microbial mats with a functional single-cell approach, in preparation) is

dependent on the cellular ribosome content of the target cells and can thus not be corrected

without additional experiments (see below) and must be carefully considered in quantitative

single cell stable isotope experiments. In addition to halogen-CCF we also present deuterium-

CCF as an alternative identification technique of microbes in NanoSIMS measurements

(Figure 3, Figure A4). For this purpose, BCN tyramides labeled with four deuterium atoms

were applied (Figure A1). The position of the deuterium atoms in the BCN tyramide

molecule was selected in order to minimize re-exchange of D with H during storage or CCF

and no indications for such a replacement were observed. While a variety of environmental

samples contain large amounts of halogens, deuterium abundance in environmental samples

is always low (e.g. natural deuterium abundance in seawater is 0.0156%; in biomass typical

natural deuterium levels are between 0.011% and 0.016% (55-57)] and the observed

deuterium content in the CCF-labeled E. coli and B. cepacia cells (typically between 1.6 and

2.8 at%) by far exceeds these numbers. Thus, this technique might become an attractive

option for future NanoSIMS applications in environmental and medical microbiology. The

two-step labeling protocol introduced in this study may be the key in reducing the amount of

carbon deposited during tyramide labeling. Applying only a fraction of the here-used azide-

fluorophore should be sufficient for successful fluorescent labeling, but would probably not

result in a pronounced dye-dependent carbon addition. For example, this could be achieved

by reducing dye concentration in the click reaction buffer, by using reaction buffer that

contains less carbon compounds and results in lower click reaction efficiency, or by

combination of both. Furthermore, such approach would increase the final 2H/H ratio in the

labeled cell and thus facilitate 2H detection. In future, the use of polymeric deuterated azides

may offer an excellent compromise between deuterium labeling, carbon deposition, inertness,

and solubility. Finally, the deuterium-labeling might allow in future applications to quantify

the amount of deposited molecules in NanoSIMS CCF-applications in order to obtain a

correction factor for the above described dilution effect.
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In conclusion, we have developed a modified CARD-FISH technique based on Cu-free click

chemistry that offers improved signal intensity and flexibility, is not more expensive than

conventional CARD-FISH, and might thus find widespread application in microbiology

research. Future research efforts will focus on identifying an azide-modified dye that can also

be identified by its chemical structure in Raman microspectrometric measurements. This

would allow directly observing the binding of rRNA-targeted oligonucleotide probes in

Raman spectra of single microbial cells (27, 74) without the need to combine this technique

with fluorescence microscopy (75). In addition, the developed CCF protocol could also be

useful to improve the various in situ hybridization techniques that exploit HRP-labeling for

trapping of microbial cells (76), mRNA and gene detection in microbes (30), as well as HRP-

based reporter deposition based assays in cell biology (58, 77-82).
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Figures

Figure 1. E. coli (panel A) and B. subtilis (panel B) were hybridized with probes EUB338-6-

FAM (FISH), EUB338-2x-6-FAM (DOPE-FISH), EUB338-HRP (CARD-FISH and CCF)

and NON338-HRP (CARD-FISH and CCF). For the CARD-FISH and CCF experiments

amplification (using tyramides with at least 95% purity) and amplification plus labeling with

6-FAM azide was performed after hybridization, respectively. For each experiment, 6-FAM-

conferred fluorescence signal intensity of at least 159 E. coli cells (average 504 cells) and 56

of B. subtilis cells (average 148 cells) was measured using CLSM. The dynamic range (8 bit)

of the detector was insufficient to quantify the large difference in signal intensity between the

applied methods. To accommodate for this, two image acquisition settings were applied.

High sensitivity settings were used to quantify the signal intensity of FISH, DOPE-FISH and

NON338 control experiments of CARD-FISH and CCF (data points on the left side of the

dashed lines). Using these settings, the fluorescence signals of cells stained by CARD-FISH

and CCF were in saturation leading to an underestimation of their actual signal intensity. Low

sensitivity settings (data points on the right side of the dashed lines) were applied to quantify

the signal intensity difference between CARD-FISH and CCF using probe EUB338-HRP.

Using these settings no fluorescence signals could be recorded for the other treatments. For

both panels, signal intensities were normalized to the maximum fluorescence intensity

observed with the respective setting. Error bars depict one standard deviation. Panel C shows

combined results of six independent CARD-FISH and CCF comparisons performed over the

period of two years with E. coli. For each individual experiment, mean signal intensity of

CCF labeled cells was normalized to mean fluorescence intensity of cells stained with

CARD-FISH. Error bar shows one standard error.
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Figure 2. CCF-mediated detection of formaldehyde-fixed bacteria in selected samples. On

the left side results obtained with probe EUB338 and on the right side signals observed with

the negative control probe NON338 are shown. For each sample both images were recorded

with the same settings. Panels A and B show CCF results obtained with mouse gut samples

(with more than 10 μm long cells) and panels C and D illustrate CCF signals in paraffin-

embedded cave biofilm samples. Images depicted in panels A-D are an overlay of a DIC

image to visualize the biomass and a fluorescence image recorded using an excitation
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wavelength of 488 nm for detecting the 6-FAM signal. Panels E and F show signals obtained

with Neg-50 embedded tissue sections of the sponge Ancorina alata. These images were

composed by overlaying images recorded in three channels of the CLSM, using excitation

wavelengths of 488 (for the 6-FAM signal) and 543 and 633 nm (for autofluorescence) and

appropriate filter sets. Bars in panels A-D correspond to 5 μm and in panels E and F to 10

μm. As Gram-positive cells, which are difficult to penetrate with HRP-labeled probes, were

present in these samples, it is expected that some of the cells visible in the DIC images show

weak or no fluorescence. In addition, we used probe EUB338-HRP for CCF (and not the

mixture of probes EUB338, EUB338-II and EUB338-III) and might thus not have detected

all bacteria in the samples (83).
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Figure 3. CCF-based detection of microbes via NanoSIMS. (A) 13C-labeled E. coli (empty

symbols) and unlabeled B. cepacia (full symbols) cells were either hybridized with probe

EUB338-HRP (circles) or with the negative control probe NON338 (squares). In an

additional experiment an equimolar mixture of probes GAM42a-HRP and BET42a-Cy5

(diamonds) was used for hybridization. Subsequently, in all experiments CCF was performed

using an azide modified Atto514 dye (containing 6 F atoms) in the labeling reaction. The

13C-label of the E. coli cells allowed a hybridization-independent identification of cells from

both species in NanoSIMS images. After hybridization with probe EUB338-HRP both

species showed strongly increased 19F-/(12C- + 13C-) values reflecting the intracellular

deposition of Atto514, while no such increase was observed with the negative control probe.

The specificity of CCF is nicely demonstrated by the fact that in contrast to E. coli cells (p <

0.0001, Student's t-test) no increased 19F-/(12C- + 13C-) ratios were observed in B. cepacia

cells after hybridization with probe GAM42a-HRP (in the presence of BET42a-Cy5) (p >

0.98, Student's t-test). (B) In additional experiments D4-BCN tyramides were used for

amplification and CCF was completed by using the azide-modified Atto514 dye. An artificial

mixture of 13C-labeled E. coli (empty symbols) and B. cepacia cells with natural 13C

abundance (full symbols) was hybridized in separate experiments with probes EUB338-HRP

(circles), NON338-HRP (squares), and a mixture of probes GAM42a-HRP and BET42a-Cy5

(diamonds). Deuterium-labeling of cells worked as expected from the probe specificities,

demonstrating again single-mismatch discrimination capacity of CCF as after hybridization

with probe GAM42a-HRP a significantly higher deuterium content was detected in the E. coli

than in the B. cepacia cells (p < 0.0001, Student's t-test). For each data point between 5

(negative control) and 77 cells were analyzed. Error bars depict one standard deviation.
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FIGURE 4. Identification of microbes by CCF and NanoSIMS. Formaldehyde fixed E. coli

(13C-labeled) and B. cepacia (natural 13C-abundance) cells were mixed and treated by CCF

using an equimolar mixture of probes GAM42a-HRP and BET42a-Cy5. In one experiment

the standard BCN-tyramides and the fluorine-containing Atto514-N3 were used in the

labeling reaction (panels A-C). In the other experiment, deuterium labeled BCN tyramides

were applied (panels D-F). Images A-C and D-F, respectively, show the same field of view.

Images A and D depict both strains as visualized by the intensity distribution of the 31P-

secondary ion signal. Images B and E display the local carbon isotope composition that

clearly discriminates B. cepacia (natural abundance, black color) against the E. coli cells (13C

labeled, warm colors). Images C and F demonstrate GAM42a-HRP-mediated specific

labeling of E. coli cells with fluorine and deuterium, respectively. It should be noticed that

the 19F- signal intensity was normalized to the total intensity of C- secondary ions (i.e. 12C- +
13C-), which is well suited for intercomparison of intensity data acquired in separate

measurement runs. However, utilizing the C- intensity as reference signal brings about a high

level of scattering in the areas which contain only traces of carbon, which is evidently the

case for the bare surface of the silicon wafer on which the cells were deposited. For the sake

of comparison the absolute 19F- signal intensity is shown in the inset of panel C. Image size is

30 x 30 μm2 for panel A-C and 35 x 35 μm2 for panel D-F.
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A2 Supplementary figures

FIGURE A1. Structural formulae of tyramides and dyes used in this study. (A) 6-FAM

tyramide, (B) propargyl-dPEG®-tyramide, (C) BCN tyramide, (D) 6-FAM azide, (E), Cu(I)-

catalyzed (3+2] cycloaddition product of propargyl-dPEG®-tyramide and 6-FAM azide, (F)

product of SPAAC between BCN tyramide and 6-FAM azide, (G) Atto514 azide, and (H) D4-

BCN tyramide.
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FIGURE A2. Unspecific binding of 6-FAM azide to cell-like particles in a

paraformaldehyde-fixed activated sludge sample (Ingolstadt, Germany, see Table A1) after

incubation in the click buffer in the presence of Cu(I). When Cu was omitted from the click

buffer no signal was observed, demonstrating that the unspecific signals did not reflect

autofluorescence or unspecific binding of the dye (data not shown). Scale bar corresponds to

2 μm.
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FIGURE A3. Examples for the application of CCF in complex samples containing

formaldehyde-fixed microbes. Neg-50 embedded tissue sections of the sponge Ancorina

alata hybridized with probe Arch915 targeting most archaea (panel A) and the negative

control probe NON338 (panel B, same image as in Fig. 2 F). These images were composed

by overlaying images recorded in three channels of the CLSM, using excitation wavelengths

of 488 (for the 6-FAM signal) and 543 and 633 nm (for autofluorescence) and appropriate

filter sets. CCF with probe EUB338 (panel C) and NON338 (panel D) in an anaerobic sulfate
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reducing enrichment culture from a peatland soil. CCF in LR-white resin embedded mouse

gut sections hybridized with probes EUB338 (panel E) and NON338 (panel F). For each

sample both images were recorded with the same settings. Images depicted in panels C-F are

an overlay of a DIC image to visualize the biomass and a fluorescence image recorded using

an excitation wavelength of 488 nm for detecting the 6-FAM signal. Bars in panels A and B

correspond to 10 μm. Bars in panels C-F correspond to 5 μm. It should be noted that we did

not optimize permeabilization treatments for CCF for the samples shown in this figure, as we

were only interested whether bright and specific signals could be obtained. As many Gram-

positive cells, which are difficult to penetrate with HRP-labeled probes, were present in these

samples, it is expected that some of the cells visible in the DIC images show weak or no

fluorescence. In addition, we used probe EUB338-HRP for CCF (and not the mixture of

probes EUB338, EUB338-II and EUB338-III) and might thus not have detected all bacteria

in the samples (11).
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FIGURE A4. Effect of tyramide concentration on CARD-FISH and CCF staining efficiency.

The concentration of BCN- (white symbols) and 6-FAM (black symbols) tyramides was

stepwise increased from 6 μM to 45 μM. (A) EUB338-HRP probe was hybridized to

formaldehyde-fixed activated sludge collected at the Bad Salzuflen municipal waste water

treatment plant (see above). Fixed flocs were applied either at high density (circles) or as

individual flocs (squares). Data points represent average pixel intensity in fluorescent objects

from approx. 10 images (in relative units; RU). As the cutoff of 30 units was used to

reproducibly reduce the background and to facilitate object detection, the fluorescence

intensities describing low BCN tyramide concentrations (6 μM and possibly 15 μM) do not

reflect realistic intensity values and are an overestimation. (B) Signal intensity is independent
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of tyramide concentration when staining single E. coli cells. (C-F) Effect of BCN-tyramide

concentration on CCF efficiency when staining bacteria (probe EUB338) in activated sludge

is shown as fluorescence images. (G-J) CARD-FISH signal intensity varies less with

increasing 6-FAM tyramide concentration. Bars correspond to 10 μm.
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FIGURE A5. Specificity of CCF. Formaldehyde fixed E. coli (labeled with 13C) and B.

cepacia were mixed, hybridized with an equimolar mixture of probes GAM42a-HRP and

BET42a-Cy5, and CCF with D-4-BCN tyramides and Atto514 azide was performed. As

expected only E. coli cells showed the green Atto514 fluorescence (panel A), demonstrating

single mismatch discrimination of CCF. Panel B depicts a DIC image to show all cells and

panel C shows an overlay of panels A and B. Cells without fluorescence in panel C are B.

cepacia. Scale bars correspond to 5 μm.
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FIGURE A6. Specificity of GAM42a-HRP used in CCF in the absence of competitor probe.

Formaldehyde fixed E. coli and B. cepacia were hybridized either with probe EUB338-HRP

(as positive control) or with GAM42a-HRP only but with increasing formamide (FA)

concentration in hybridization buffer. Afterwards, the CCF with BCN tyramides and 6-FAM

azide was performed as described before. Grey plots show the “formamide series” of the

probe GAM42a-HRP when hybridized to E. coli (perfect match). When GAM42a-HRP was

hybridized to B. cepacia, the signal did decrease with increasing formamide concentration,

but was nevertheless clearly detectable (white plots). Black circles show outliers. RU stands

for relative units.
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FIGURE A7. Mean signal intensities (in relative units) of CARD-FISH (grey plots) and CCF

(white plots) stained cells after reduction of effective HRP molecules in target cells. The

approach developed by Hoshino et al. (12) was used to simulate the low-ribosome cells.

HRP-conjugated EUB338 probes were used either alone or in combination with EUB338-

Cy5 probes that competed for available target sites on the 16S rRNA. Signals observed after

further dilution of HRP-conjugated probes with Cy5-EUB338 probes were too weak to

measure with the applied microscope settings (data not shown).
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Discussion

Chemolithoautotrophic nitrifiers direct the energy gained during the oxidation of ammonia or

nitrite into CO2 fixation and downstream biosynthesis of cellular compounds. It is well

established that nitrification can support a diverse and abundant microbial community in

laboratory settings (1, 2) and was recently proposed to be the main source of organic carbon

in the extensive Nullarbor cave system in southern Australia (3). By using SIP, Moreno et al.

found that the ciliate Epistylis galea benefited from autotrophic nitrification in activated

sludge (4). However, as the sewage water contains a rich cocktail of diverse organic

substances, the extent to which nitrification may support heterotrophic bacteria in WWTPs is

difficult to determine. Why nitrifying bacteria secrete (actively or passively) soluble

microbial products and thus support the cohabitation of diverse heterotrophic microbial

community (see Chapter I) is largely unknown. Considering the relatively low energy

efficacy of nitrifying lifestyle (especially nitrite oxidation), it is seemingly unfavorable for

AOB or NOB to excrete fixed organic carbon to their surroundings. Nevertheless, nitrifiers

might be doing it for a good reason. For example, it is unclear how Candidatus Nitrospira

defluvii deals with oxidative stress (5). It is conceivable that ca. N. defluvii partly relies on

cohabiting microbes to detoxify the produced H2O2 (H2O2 is membrane permeable).

Hitchhiking on this function (among others) is proposed to lead to genome reduction in

abundant marine cyanobacteria (Prochlorococcus), thereby reducing the cost of the DNA

synthesis and increasing overall species fitness (6). Such or similar dependency would be a

good reason for Nitrospira to support the growth of symbiotic heterotrophs by diverting a

proportion of fixed carbon into the surrounding medium. In the study presented in Chapter II,

we aimed to clarify the ecology (who is involved and why) of such interactions in nitrifying

activated sludge from a municipal WWTP. Similar to nitrifiers, a Micavibrio-like bacterium

showed 13C labeling pattern in RNA-SIP. The phylogenetic analysis of the retrieved 16S

rRNA sequences suggested that the Micavibrio-related alphaproteobacterium (Micavibrio

aeruginosavorus is a well-studied predatory bacterium) is a likely predator of lineage I

Nitrospira. While the exact nature of the interaction could not be determined in our study, its

specificity was clearly shown. For example, 3D colocalization analysis showed that the

majority of detected Micavibrio-like bacterium is found in close proximity to the lineage I

Nitrospira. Additional work in our laboratory showed that the association is well established
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in that particular ecosystem (WWTP in Ingolstadt). Detection of this bacterium in close

proximity of lineage I Nitrospira in samples from different WWTPs suggests that this

association may be widespread in engineered systems (data not shown). Future efforts,

possibly involving modern single-cell (or rather single-cluster) isolation techniques (like laser

microdissection or cell identification/ isolation by Raman microspectroscopy and optical

tweezers), combined with (meta)genome amplification and sequencing, may reveal more

about the exact nature of this association. It would also be interesting to analyze the response

of Nitrospira to predation. For example, transcriptome analysis might point on the possible

phenotypic plasticity of the Nitrospira (see 7). Also, controlled experiments by applying

synthetic microbial ecology principles might allow researchers to test some lessons from

macro-scale predator-prey observations in the microbial world (8, 9).

Partly, the associations between uncultured nitrifiers and heterotrophs might be poorly

characterized due to a lack of suitable tools. Although molecular methods (especially PCR)

have been pivotal for advances in microbial ecology, they are not without flaws or

drawbacks. Primers used to discriminate between domains of life, i.e. bacteria, archaea, and

eukaryotes are well evaluated, have high specificity, and allow, due to their high coverage,

discovery-oriented experimental approaches. The simultaneous characterization of bacterial,

archaeal, and eukaryotic communities in almost any given sample is now regarded as routine

task (e.g. presence of bacteria in a sample will have little influence on the description of the

archaeal community and vice versa). For example, it was fairly straightforward to distinguish

between nitrifiers and their eukaryotic partners in described marine symbioses (10, 11). More

challenging is to follow populations within a bacterial community by 16S amplicon analysis.

For in-depth analysis it is possible to employ group specific primers, but tremendous bacterial

diversity and poor primer coverage for some phylogenetic groups limit such approaches.

Similar limitations are encountered in rRNA targeted FISH studies. Although invaluable

informations on nitrifier ecology have been obtained by FISH and colocalization studies (12,

13), detailed characterization of the complete nitrifying community (and interactions within

it) would require extensive rRNA sequencing, probe design, probe synthesis, and finally

numerous hybridization experiments. For most studies, such an approach is too time- and

cost-intensive (see discussion in Chapter II). Many of the aforementioned problems have

been alleviated by recent developments in high-throughput sequencing. The almost complete

diversity (retrievable with available primers) description of a microbial community has

become a standard, and the resulting massive database buildup allows to look for organisms
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of interest in “sequenced life” with a high chance of success (Chapter II and \ Lagkouvardos

et al). However, such an approach has not yet been used to analyze nitrification-driven

communities from WWTPs.

Still, organisms with a high rRNA sequence similarity can have a dissimilar metabolic

potential, therefore the function of a microbe should not be inferred based on its rRNA

sequence alone. DNA- and RNA-SIP are thus seen as a filter that distinguishes process

relevant microbes from other organisms abundant in a sample. An additional advantage of

DNA- and RNA-SIP is that they are discovery methods, i.e. no prior information on the

sample is necessary (like microbial composition, PFLA composition or genomic data). This

does not, however, apply to incubation conditions. Careful selection of relevant incubation

parameters (pH, temperature, substrate concentrations, etc.) is essential for a successful

labeling experiment. In the ideal case, the physical and chemical parameters should closely

resemble environmental conditions. Otherwise it is possible that the microbial activity will be

either attributed to present, but less relevant microbes, or the isotope labeling will be too low

for efficient separation of labeled nucleic acids (the isotope fraction of 13C in nucleic acids,

necessary for successful RNA SIP, has been estimated to be approx. 10 at%, see 14). Just as

important is a selection of the suitable incubation time. To improve the chance of finding a

good compromise between labeling intensity and incubation duration, several time-points are

usually collected during labeling experiments. With prolonged incubation times, the

likelihood of cross-feeding between active microbes and microbes that feed on released SMP

increases, which in turn can lead to false-positive results (15). The study presented in Chapter

II, aiming to characterize 13C labeled microbes beyond primary producers, was based on the

detection of such cross-feeding. We incubated activated sludge with 13C bicarbonate (at near

neutral pH, bicarbonate ion is in equilibrium with CO2, the carbon source for nitrifiers) and at

the same time supplied the microcosms with NH4
+ or NO2

-. We postulated that when given

enough time, active AOB and NOB in activated sludge will secrete or leak fixed carbon,

which will in turn serve as the substrate for any associated bacteria. Finally, the predominant

rRNA in heavy fraction of SIP gradient originated from AOB and NOB. After the isolation of

the 13C labeled RNA we constructed a 16S rRNA library by cloning RT-PCR products. To

our disappointment, only nitrifier 16S rRNA sequences were obtained. Obviously, we could

have analyzed the representative sample of rare non-nitrifiers only by collecting and

screening (e.g. by RFLP or high-throughput membrane hybridization) very large number of

clones. Alternatively, we could have bypassed the problem of low heterotroph abundances in
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the labeled gradient fractions by high throughput 16S amplicon sequencing (like 454

pyrosequencing), however, at the time of the study, its use was not yet feasible for “routine”

sequencing projects. To retain full discovery potential in our study, we were also reluctant to

use primers with more narrow specificity (and thereby screening only a fraction of detectable

bacterial diversity). Considering bacterial diversity in WWTPs, the use of group specific

primers would require extensive oligonucleotide design and synthesis, and substantial effort

would be required to analyze obtained PCR products. We circumvented redundant

sequencing of RT-PCR amplified rRNA from autotrophic AOB and NOB by cleaving their

(native) 16S rRNA with specific LNAzymes (for further detail on LNAzymes, their

characteristics, and potential use see Chapter III). LNAzymes are catalytic, locked nucleic

acids (LNA) containing DNA oligonucleotides that can bind to RNA in a sequence specific

manner and cleave it at a predicted site. The sequence of the target recognition domain of

LNAzymes (it can be any sequence) must be reverse complementary to the targeted RNA

sequence. We designed several LNAzymes so that they could bind to, and specifically cleave

the 16S rRNA of abundant nitrifiers. Such rRNA was not amplified by RT-PCR, and the

remaining rRNA (from heterotrophs) could be detected without difficulty. As the proportion

of clones with non-nitrifier 16S rRNA inserts constituted approximately 50% of the resulting

library, more iterations of the LNAzyme cleavage procedure (see Chapter III) were not

necessary. Nonetheless, the final number of analyzed sequences was very small according to

today´s standards. Although we complemented 16 rRNA sequencing with T-RFLP, the

phylogenetic resolution of such fingerprinting might not be sufficient to reveal further details

on the nitrification powered food-web. Future application of high-throughput sequencing in

similar experiments (or even by using samples collected in the course of our work) may

reveal further heterotrophs possibly involved in symbioses with nitrifiers.

Despite many (and continuous) attempts to purify it, at the time of our study, the long-term

enrichment culture of Candidatus Nitrospira defluvii contained a diverse heterotrophic

population. Total relative abundance of heterotrophs was varying between 15% and 50% (C.

Dorninger, personal communication). Possibly, some of those heterotrophs had or evolved an

intricate relationship with Ca. Nitrospira defluvii, and their role could be more complex than

being recalcitrant contaminants (see above). To learn more about nitrifier symbioses, we

analyzed the enrichment maintained in our laboratory by LNAzyme mediated cleavage and

subsequent rRNA analysis. The LNAzyme treatment reduced the relative abundance of

Nitrospira sequences in the clone library from the initial 78% down to 20% (or even 7%,
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depending on the protocol modification) and thus allowed a detailed community description.

Possible consequences of cohabitation of lineage I Nitrospira with heterotrophic bacteria are

described in detail in the discussion sections of Chapters II and III. In conclusion, the

presented studies shed light on the ecology of lineage I Nitrospira, and expanded our

understanding of biological controls that can have an effect on nitrification.

As mentioned in the Chapter I, it is critical to confirm RNA-SIP results by additional

(independent) experiments. A small amount of unlabeled RNA is distributed also to the heavy

fractions of the density gradient (14), and the mere detection of a specific phylotype does not

guarantee its labeling. Shifts in relative abundance of candidate rRNA toward the heavier

fractions (compared to negative control) are a good indication of actual labeling. However,

independent detection of isotope incorporation (NanoSIMS, Raman microspectroscopy,

FISH-MAR, magnetic bead capture combined with IRMS etc.) can provide even stronger

support to the data obtained by SIP. NanoSIMS is a powerful tool that allows precise

determination of the isotopic composition with a superb spatial resolution. However, such

analysis alone gives little information on the identity of microbes in complex samples (shape

and size alone are notoriously poor designators of microbial identity), and must be combined

with in situ hybridization (ISH) to unambiguously link detected activties with identities. To

that end, some studies successfully used the superimposition of images obtained by FISH

with reconstructed isotopic images (16). Nevertheless, much effort has been invested into the

direct identification of labeled cells during NanoSIMS measurements by introducing a

heterotracer element via the in situ hybridization (ISH). So far, such heterotracers were

halogens otherwise not present in the sample (see Chapter I). As it offers easy-to-use and

flexible protocols, biologists started to rely on click chemistry for the detection of

biomolecule synthesis (for more detail see Chapter IV  and the Appendix 1). We realized that

click chemistry could complement existing ISH strategies, especially when fluorescent

labeling of microbes is not the primary goal (e.g. for the NanoSIMS studies). With an aim to

facilitate future SIP studies, Click-FISH and Click CARD-FISH (CCF) were developed

(presented in Appendix 1 and Chapter IV).

Two properties of these methods emerged as their major strengths. One asset of Click-FISH

is that the presented framework will allow the specific labeling of microbes with “speciality”

compounds without the need to reevaluate oligonucleotide specificity. The specificity of ISH

is determined by hybridization and washing conditions. Regardless of the final labeling, in



Chapter V

142

Click-FISH, these two steps are always the same for a given oligonucleotide (Appenidix 1).

Analogously, in CCF the hybridization and washing are identical as in the well-established

CARD-FISH (Chapter IV). By using newly developed protocols, we have successfully and

specifically labeled biomass with two different fluorescent dyes, without having to synthesize

additional tyramides or reevaluate hybridization conditions of oligonucleotides used. Neither

of the methods resulted in pronounced increase of the signal intensity compared to standard

FISH or CARD-FISH. In addition, the signal intensity was more dependent on tyramide

concentration in CCF than in CARD-FISH. In contrast to the pure cultures, more than double

amount of tyramides was necessary for comparable labeling with CCF when applied to

activated sludge. We could not explain this concentration dependence, and future

experiments would benefit from a very precise tyramide concentration control (as BCN

tyramides are liquid in pure form and were delivered in mg aliquots, we relied on the

assumed amounts rather than determine them by weighing). One should keep in mind that a

certain amount of care is necessary when using click chemistry. Despite specific

oligonucleotide hybridization and tyramide deposition and inertness of azides or alkynes in

biological systems, compounds can bind to biomass unspecifically. For example, we intended

to label “clickable” oligonucleotides after ISH with the azide modified fluorous tag, an

amphiphilic molecule with azide head and fluorinated aliphatic tail. The large nonpolar tag

likely left most of the unwashed molecule (4,4,5,5,6,6,7,7,8,8,9,9,9-tridecafluorononyl azide)

bound to the membranes rather than dissolving into an aqueous washing buffer. To remove

the unspecifically bound florous tag, washing in organic solvent would be required, which

would most likely dissolve cellular membranes and possibly lyse the cells. Indeed, our

experiments showed that addition of 20% (v/v) of organic compounds like chloroform or

tetrahydrofuran to a reaction buffer results in extensive cell lysis (data not shown). Probably

unsuitable for identification of microbes, such tags could be used as membrane marker that

would make cell contours clearly visible in a NanoSIMS image. In addition, we noticed that

presence of Cu(I) in the reaction buffer can lead to unspecific labeling when used in certain

environmental samples. It is therefore necessary to prescreen the targeted sample by exposing

it to the azide-modified dye alone under the conditions used in the click reaction. It would be

interesting to isolate (by laser microdissection) the labeled biomass and identify the

substances (for example by combination of genome sequencing and metagenomic library

screening) that reacted with azides in presence of Cu(I). This could lead to the isolation of

new compounds suitable for the click chemisty.
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Introduction of isotope labeling as the identity marker in CCF approaches is another

important improvement that may aid the NanoSIMS research community. A major drawback

of existing halogen labeling is a high halogen content and patchy (halogen) distribution

within certain samples that can make links between halogen concentration and microbial

identity unreliable. For example, marine sponges can have a high content of diverse halogens.

Similarly, fluorine is commonly added to mice food, and is therefore present in high amounts

in mouse gut and feces (F. Behnam and D. Berry, personal communication). Labeling with

isotopes will not suffer from environment-specific issues, as we expect that the isotopic

composition is largely uniform in natural samples. Given that the difference between the

marker isotopic fraction before (in non control) and after labeling is well above the natural

isotopic variation, microbial identity can be established with a high degree of confidence.

Typically, the relative isotopic abundances in natural samples are between 0.0026 - 0.0184

at% for deuterium, 0.963 - 1.147 at% for 13C and 0.346 - 0.421 at% for 15N (for example,

relative abundance of deuterium after isotopic labeling was between 1.6 - 2.8 at%). As they

are commonly used for metabolic labeling, 13C or 15N will not be main identity markers,

although their use for this purpose is not excluded. Due to the availability of reagents, we

used deuterium in our experiments. The detection of deuterium by NanoSIMS is not

straightforward, as direct H-/2H- ion measurements would prevent the simultaneous detection

of standard tracers (13C, 15N) and other secondary ions relevant for biomass detection. To

avoid this drawback, we used 16OH- and 16O2H- ions to detect deuterium labeling. Technically

more straightforward would be the detection of 18O as isotope marker, but the low number of

available chemicals labeled with this isotope and their high price limit its current use.

Besides low natural background and variation, the known ratio of marker isotopes in the

sample prior to labeling (i.e. its natural isotopic composition) allows one to calculate the

addition (at least partially) of other elements during ISH. As discussed in Chapter IV and

Appendix 2, significant amounts of unlabeled carbon, nitrogen, hydrogen and oxygen are

deposited to the biomass during CARD-FISH and CCF. This leads to an underestimation of

metabolic labeling and can prevent its quantitative determination. By applying calculations

described in Appendix 2, we could correct for 16% of such undesired carbon addition via

measuring the H/2H ratio. This correction factor will likely improve with further refinements

of CARD-FISH or CCF. During labeling with these methods, much of the carbon is deposited

unspecifically (i.e. deposited also in negative control). Therefore, the improved protocol will

likely omit or polymers like dextran sulphate and undefined “blocking reagent”, or replace

them with more soluble and inert polymers used for macromolecular crowding, like low-
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molecular weight polyethylene glycol, Ficoll, or polyvinyl pyrrolidone. In summary, our

contributions to the microbial ecologist´s toolbox presented in Chapters III and IV will

facilitate future studies using isotope tracers, particularly those studies focusing on microbial

food webs.
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Abstract

Efficient nitrogen removal is one of the central processes in modern waste-water treatment

plants (WWTPs). It relies heavily on the oxidation of ammonia to nitrite and further to

nitrate, catalyzed by diverse chemolithoautotrophic bacteria that harness the released energy

to fix CO2 and for concomitant growth. Although it might play an important part in ecology

of nitrifying microbes, nitrifier-dependent heterotrophy is arguably among the least

researched of all chemolithoautotrophically fuelled food-webs. To identify organisms that

receive fixed carbon from nitrifiers in WWTPs, RNA stable isotope probing was combined

with newly developed LNAzymes digestion of target rRNA molecules, T-RFLP analysis, and

16S rRNA sequencing. In addition to known nitrifiers, 13C labeled rRNA was affiliated with

obligatory predatory bacterium Micavibrio aeruginosavorus. Further activated sludge

examination with fluorescence in situ hybridization (FISH) and 3D colocalization analysis

confirmed the specific and close cohabitation of lineage I Nitrospira with the Micavibrio-

related alphaproteobacterium, most likely an obligatory predatory bacterium. LNAzymes-

mediated digestion of rRNA was employed to analyze a long-term enrichment of Ca.

Nitrospira defluvii containing a diverse nitrification-dependent heterotrophic community.

These results provide new insights into the ecology of nitrite oxidizing bacteria and

associated bacteria and extend our notion of factors that can control Nitrospira populations.

To assist future stable isotope studies, two widely used methods for microbial community

analysis, FISH and CARD-FISH (Catalyzed Reporter Deposition FISH) were modified and

made compatible with click-chemistry labeling. The additional labeling flexibility of Click

CARD-FISH was demonstrated by specifically and simultaneously labeling cells in an

artificial community with deuterium and fluorine, which are useful identity markers in

NanoSIMS studies. Furthermore, the newly introduced phylogenetic labeling of cells with

deuterium holds high promise for its universal applicability and possibility of correcting

biases inherent to phylogenetic staining by CARD-FISH.
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Zussamenfassung

Eine Hauptaufgabe von modernen Kläranlagen besteht in der Entfernung von

Stickstoffverbindungen. Ein wichtiger Schritt der Stickstoffentfernung ist die Nitrifikation,

die Oxidation von Ammoniak zu Nitrat und weiter zu Nitrit. Diese wird von verschiedenen

chemolithoautotrophen Bakterien katalysiert, die mit der daraus gewonnenen Energie

Kohlenstoff fixieren und in ihre Biomasse einbauen. Derzeit gibt es wenige Untersuchungen

zu heterotrophen Organismen, die direkt von der Nitrifikation abhängig sind, obwohl diese

eine wichtige Rolle in der Ökologie von Nitrifizierern spielen könnten. Für die

Identifizierung von jenen Organismen, die über eine Nahrungskette mit Nitrifizierern

verbunden sind, wurde Belebtschlamm einer Kläranlage untersucht. RNA stable isotope

probing wurde mit einem in dieser Studie entwickelten LNAzym-Verdau von rRNA sowie T-

RFLP Analyse und 16S rRNA Sequenzierung kombiniert. Die 13C markierte rRNA kodiert

neben den bekannten Nitrifizierern auch das obilgat räuberische Bakterium Micavibrio

aeruginosavorus. Weiters wurde der Belebtschlamm mittels Fluoreszenz in situ

Hybridisierung (FISH) analysiert und mit 3D Kolokalisierungs-Analysen genauer betrachtet.

Die Untersuchungen bestätigten, dass lineage I Nitrospira eng und spezifisch mit einem

Micavibrio-ähnlichem Alphaproteobakterium zusammen lebt, und ergaben, dass jenes

Alphaproteobakterium als obligater Räuber lebt. Weiters wurde, wieder mit Hilfe von rRNA

Verdau mittels LNAzymen, eine Analyse einer Langzeit-Anreicherung von Ca. Nitrospira

defluvii durchgeführt, die auch aus einer diversen, heterotrophen und von Nitrifikation

abhängigen mikrobiellen Gemeinschaft bestand. Die Ergebnisse lieferten neue Einblicke in

die Ökologie von Nitrit oxidierenden Bakterien und ihren assoziierten Mikroben und darüber,

wie Gemeinschaften von Nitrospira beeinflusst werden können. Um zukünftige Analysen mit

NanoSIMS zu unterstützen, wurden zwei weit verbreitete Methoden in der Analyse von

mikrobiellen Gemeinschaften, FISH und CARD-FISH (Catalyzed Reporter Deposition FISH)

modifiziert, indem sie mit der sogenannten Click-Chemie kombiniert wurden. Die dadurch

gewonnene zusätzliche Flexibilität von Click CARD-FISH wurde gezeigt, indem spezifisch

und simultan Zellen einer künstlichen Gemeinschaft mit Deuterium und Fluor markiert

wurden, welche nützliche Marker in NanoSIMS Studien darstellen. Ausserdem verspricht das

Markieren von Zellen mit Deuterium universale Anwendbarkeit und umgeht die Nachteile,

die beim phylogenetischen Labeling mit CARD-FISH präsent sind.
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Click-FISH; a Tool for Post-Hybridization Staining

Introduction

To many biologists, the term “click chemistry” was introduced in 2008, when Salic and

Mitchinson published a method for efficient and straightforward monitoring of DNA

synthesis in cells, tissues, or even whole organisms (1). Until then, DNA synthesis (and with

it cell activity), cell division, or tissue growth, was typically followed by allowing cells to

incorporate the uracil analogue BrdU (bromodeoxy uracil) into DNA during synthesis.

Incorporated BrdU can be detected with antibodies, the whole procedure involves, however,

extensive permeabilization, DNA denaturation, and is in general tedious. That changed by

using EdU (ethynil deoxyuracil), an uracil analogue that can be detected by the “click”

reaction with an azide-conjugated dye (N3-dye). The azide group reacts readily with the

terminal alkyne group in a stereospecific Cu(I) catalyzed (3 + 2] cycloaddition (CuAAC)

reaction (2, 3). Such azide-conjugated dyes are significantly smaller than the antibodies used

for BrdU detection, thus no cell permeabilization is necessary. Furthermore, the entire hands-

on time for sample processing is significantly reduced. Soon after being published, the

method was commercialized by Invitrogen/Life Technologies, and became widely available

to the scientific community. More information on click chemistry, its potential benefits and

caveats can be found in Chapter 4 and references therein.

Fluorescence in situ hybridization (FISH) has been a central tool in modern microbial

ecology, indispensable for the direct visual examination of microbes in their natural

environments. In FISH, oligonucleotides covalently linked to a fluorescent dye penetrate into

the cell and, under appropriate conditions, hybridize to RNA in a sequence-specific manner.

In most cases, 16S rRNA is the targeted molecule, as it is a well-characterized phylogenetic

marker and extensive sequence databases cover most environments. It is usually present in

several thousand copies per cell, which warrants its detection already with low-cost

microscopy equipment. In FISH, the conditions under which probes are used allow most of

the targeted sites being hybridized to a probe, while at the same time unspecific binding,

which gives false-positive results, is minimized. This is commonly achieved by varying the

formamide (destabilizes probe-target duplex) concentration in the hybridization buffer, while
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keeping the hybridization temperature constant (4). For a given probe, the optimal formamide

concentration must be determined experimentally from probe dissociation profiles or

“formamide series” (FA series). Indeed, only recent refinements of hybridization models

provide researchers with an “educated guess” of the oligonucleotide hybridization properties

(5), but their reliability is yet to be tested.

In situ hybridization is not only useful for direct fluorescent staining, it can also be used to

deliver other “functionalities” into targeted cells, like enzyme horseradish-peroxidase (HRP)

or iodine in the case of SIMS in situ hybridization (6, 7). However, as already the change of a

fluorescence dye can influence the hybridization properties of a given oligonucleotide (8-10),

it is conceivable that the conjugation of almost any functional group will result in an altered

probe-target duplex stability. While the effects of changing the fluorescent dye can be readily

identified by performing FA series and subsequent microscopy analysis, in situ hybridization

characteristics of non-fluorescent oligonucleotides can be much more challenging to

determine. To expand detection possibilities without the need to reevaluate the hybridization

conditions, we used CuAAC as the means of detecting oligonucleotides in cells after in situ

hybridization (Click-FISH). With the promise of simpler and more reliable labeling, we

extended our investigation by including copper-free, strain promoted alkyne-azide

cycloaddition (SPAAC) compatible probes in our experiments (bicyclononyne or BCN-

conjugated probes). We successfully used both approaches to discriminate between bacteria

in an artificial mixture with high specificity. This section details the labeling protocol and the

hybridization properties of probes suitable for the specific labeling of microbes by click

chemistry.

Materials and Methods

Environmental samples, Escherichia coli (strain K12), Bulkhorderia cepacia (strain DSM

7288), and Bacillus subtilis (strain DSM 10) cells used in this study were grown/incubated,

fixed and stored as described in chapter 4. All in situ hybridization experiments were

conducted as described elsewhere (Chapter II, see also 11). Oligonucleotides carrying

terminal alkyne groups were purchased from baseclick (Tutzing, Germany), while 5´ and 3´

BCN labeled oligonucleotides were kindly provided by Biomers (Ulm, Germany). The

structural chemical formulas of modified nucleosides, a canonical BCN group, 6-FAM azide,
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and the respective products of click reactions between them are shown in Figure 1. All

oligonucleotides used in this study are listed in Table 1. The click reaction conditions and the

microscopic analysis procedure are delineated in detail in chapter 4.

Results and Discussion

Initial experiments with oligonucleotides carrying terminal alkyne groups resulted in poor

performance of “Click-FISH” and compelled us to optimize the conditions of the in situ

CuAAC reaction. Parallel tests with fluorescently labeled oligonucleotide probes showed that

oligonucleotide dissociation from its target site during the click reaction can have a major

effect on the final labeling efficiency. Finally, better results were obtained when probe-target

duplexes were stabilized by low temperature (the CuAAC reaction was performed on ice)

rather than by increasing the ionic strength of the buffer (data not shown). Similarly to the

labeling of deposited BCN-tyramides, click reaction conditions used in Click CARD-FISH

(CCF; chapter 4) were proven to provide the best results (in terms of final labeling intensity)

also in SPAAC based FISH. Despite a significant progress, the optimal conditions for post-

hybridization oligonucleotide labeling are yet to be found. When assuming similar RNA

binding affinity of the alkyne-, BCN-, and 6-FAM- modified probes (at 20% formamide (v/v)

in the hybridization buffer), the efficiency of the click reaction can be calculated from the

obtained fluorescence intensities (shown in figure 2D). Compared to standard FISH, the

fluorescence signal intensity obtained by click FISH was 1.4 fold higher in E. coli, 1.2 fold

higher in B. cepacia, and 1.6 fold higher in B. subtilis. The increase was even less

pronounced in BCN FISH, being (on average) between 1 and 1.1 fold. Considering the

number of “clickable” sites on an oligonucleotide (Table 1), this signal intensities translate

into reaction efficiency between 25 and 31% for CuAAC and 49 to 56% for SPAAC. One

reason for a low reaction efficiency could be the inaccessibility of the reactive groups bound

to the hybridized probes. The slight variation between the efficiency of the click reaction

when used in different organisms could result from the variation in the ribosomal structure at

the binding position and therefore different steric hindrances for the click reaction.

Alternatively, it is possible that the overall binding affinity is much lower for the probes

internally labeled with terminal alkyne groups. To examine this possibility, one would have

to label such probes on the 5´end with standard fluorescent dye, and compare its

hybridization properties with the commonly used FISH probes.
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Hybridization properties of click chemistry compatible oligonucleotides were determined

from FA series shown in figures 2A-2C. The major concern in using alkyne modified

oligonucleotides was possibility that the alkyne group linked to thymidine or cytidine bases

via the 8-C linker (figures 1A and 1B) could affect base pairing strength and thus

significantly change stability of the probe-RNA duplex. In turn, weak target affinity or/and

reduced specificity of such probe could be observed. It should be noted that in contrast to the

alkyne containing oligonucleotides, the BCN- groups were conjugated to oligonucleotides

similarly to fluorescent dyes used in DOPE FISH, i.e. via the linker at the 3´and 5´ends of the

probe, and were not expected to directly interfere with base pairing between the probe and its

target.  Compared to standard FISH, the BCN- or alkyne- modifications did not result in large

shifts in the probe-RNA duplex stability. When hybridized to the target organism, the

observed dissociation profiles of the probes EUB338 and Bet42a were similar, regardless of

the probe modification. Where standard and click chemistry-compatible probes differ is the

stability of the duplex when it contains one mismatch (hybridization to non-target organism).

As single mismatch might not be sufficient to discriminate between target and non-target

organism, it is common to add competitor probes to hybridization buffer in order to prevent

fluorescent probe binding to non-target organisms (Figure 1A, see also 11). Competitor

probes have, due to their perfectly matching sequence, higher affinity to non-target organisms

than labeled probe, and when used simultaneously, block the available non-target binding

sites. As evident from figures 1B and 1C, BCN or alkyne modified probes have lower affinity

for the non-target site and therefore greater discriminating power. Beside probe-RNA duplex

association/dissociation dynamics, the ribosomal fold stability and therefore site accessibility

(12, 13) vary in FA series. The high fluorescence intensity of click FISH at 60% FA might be

explained by a better site accessibility for the fluorescent azide after ribosome denaturation

by high FA concentration. It is conceivable that a higher formamide concentration leads to

partly irreversible ribosome conformation changes, allowing better access of 6-FAM-N3 to

the probe during CuAAC. Furthermore, the limited site accessibility could be the reason for

the much lower apparent amount of the hybridized alkyne-modified EUB338 probe (labeled

with several alkyne groups) at 20% formamide (v/v) compared to when 30% FA was used in

the hybridization buffer (Figure 2C). Such effect would, however, have a strong effect on the

efficiency estimates of CuAAC reaction and result in an efficiency underestimation (see

above).
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Click-FISH with post-hybridization offers an alternative labeling strategy, where labeling

specificity of the oligonucleotide probes is not altered with the change of conjugated

functional group. It probably won´t find widespread use in microbial ecology, it might

however, serve as a niche method when specific labeling of microbes with non-fluorescent

tags is required. According to our data, one can use already evaluated probes without

changing the hybridization conditions. We do nevertheless recommend that a potential

unspecific azide binding to biomass during CuAAC is tested beforehand with a fluorescent

azide.
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Figures and Tables

Figure 1: Structural formulas of compounds used in this study. (A) 5-Octa-1,7-diynyl-2\'-

deoxyuridine, (B) 5-Octa-1,7-diynyl-2\'-deoxycytidine, (C) 6-FAM azide, (D) product of

CUAAC of 6-FAM azide and terminal alkyne, (E) (1R,8S,9s)-bicyclo(6.1.0]non-4-yn-9-

ylmethane ether modification and (F) product of SPAAC of 6-FAM azide and BCN group.
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Figure 2: Probe-RNA duplex stability of click chemistry compatible oligonucleotide probes

was assessed by varying FA concentrations in the hybridization buffer and compared with 6-

FAM monolabeled probes. Dissociation profiles of EUB338 probe were determined with the

E. coli as target organism (green). Probe Bet42a was hybridized to B. cepacia (blue) as target

organism and to E. coli (red) as non-target organism having one mismatch in the target RNA

region. FA concentrations used in all experiments (unless data point is omitted) were 0%,

10%, 20%, 30%, 40%, 50%, 60%, and 70%. For each data point, average fluorescence

intensities of at least 200 single cells were determined. The thick line in the box plot shows

the average fluorescence intensity of measured cells, error bars show 10th and 90th percentile,

and circles represent 5th and 95th percentile. (A) Hybridization of singly 6-FAM labeled

probes, the yellow color shows hybridization of Bet42a probe to E. coli in the presence of an

unlabeled Gam42a competitor probe. (B) Hybridization of doubly BCN labeled probes and

(C) hybridization of probes carrying terminal alkyne groups. (D) Signal intensity obtained

after hybridization of 6-FAM (green), alkyne modified (red) and BCN conjugated (blue)
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EUB338 probes to PFA-fixed E. coli, B. cepacia or B. subtilis cells and subsequent click

reaction with 6-FAM azide (where applicable). The hybridization buffer contained 20% (v/v)

formamide. RU stands for relative units.
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Isotope Quantification Error in NanoSIMS Studies can be Estimated by 

Introducing Deuterium as Phylogenetic Identifier 
 

 

As discussed in the manuscript “Improved CARD-FISH Method Exploiting Click Chemistry 

for In Situ Identification of Microbes”, Click CARD-FISH (CCF; see chapter IV) can cause 

the dilution of the tracer isotope atoms (the tracer isotopes enriched during incubation are 

“diluted”) in examined cells and complicate the analysis and interpretation of NanoSIMS 

results. This phenomenon and its implications are discussed in detail in Woebken et al., 2013 

(the exact formula derivations and an extended discussion are presented in Supplementary 

Information) and Chapleur et al. (1, 2). Tracer dilution cannot be estimated when 

phylogenetic information is obtained with halogen labeling (3-5), as the halogen content of 

the targeted cells is unknown and can vary within an examined population. In Chapter V, I 

argue that the main advantage of 2H (D in the rest of this chapter) over halogen labeling is 

that the extent of metabolic tracer dilution during CCF can be estimated by quantifying the D 

addition. To confirm this assumption, I derived a framework that allowes us to identify the 

tracer composition skew resulting from CCF. As shown below, all necessary informations for 

such correction are either determined during the NanoSIMS analysis, are known (natural 

isotopic ratios of relevant elements), or can be safely assumed (H/C ratio of the investigated 

cell). 

    

Formulations by Woebken and coauthors were the starting point for the following derivation. 

According to the equation 1 in Woebken et al., the fraction of tracer element atoms added by 

the treatment (FX, add) can be calculated from isotopic composition of cells before (ai) and 

after (af) the treatment, and isotopic composition of added material (aadd), for which they 

assume that it equals natural relative isotopic abundance (e.g. 13C at% is approximately 

1.1%).  

 

 

            (1) 

 

  

F X ,add =
aX , f−a X , i

a X , add−aX ,i  
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Importantly, authors do not neglect carbon removed by treatment. However, they do note that 

it is virtually impossible to track carbon losses caused by the treatment, in our case CCF. 

They derive following equation (equation S12), pointing on the potential effect of tracer 

removal during the treatment: 

 

 

(2) 

 

 

In equation 2, nX,i, nX,add and nX,rem stand for the number of tracer atoms present in a cell 

before the treatment, added by the treatment and removed during the treatment. Although one 

cannot estimate the amount of carbon removed by the treatment, the nX,rem in equation 2 can 

be neglected, if aX,i and nX,i are replaced by aX,non and nX,non , respectively. Suffix X,non refers 

to the tracer atoms in cells that went through entire CCF procedure but were hybridized with 

probe NON338-HRP (non control). In such control, amount of carbon removed during the 

treatment will be similar to the amount of carbon removed when using targeted probes (e.g. 

EUB338). Similarly, the tracer atoms added unspecifically during CCF are also comparable 

in such control, and can be disregarded. As the part nX,rem approaches zero, equation 2 

simplifies to: 

 

     

            (3) 

 

 

The number of atoms added during the treatment (e.g. number of C atoms in added 

tyramides) can be expressed as: 

 

  

            (4) 

 

  

nX ,add =nX , f F X , add  

nX ,add

nX ,i
=

a X , i−aX , f

a X , f−aX ,add
(1−

nX , rem

nX , i
)

 

nX ,add

nX , non
=

a X , non−aX , f

a X , f−aX ,add  
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where nX, add is the number of tracer atoms added during the treatment, nX,f is the number of 

tracer atoms present after the treatment and FX, add is the fraction of added tracer atoms (see 

also equation S1 in Woebken et al.). By using NON338 control as initial cell state, we can 

separate specific or “desired” tracer atoms addition (tyramides) from unspecific one (any 

other buffer components).  In turn, this allows us to express the number of added molecules 

(nadd) by dividing both sides of equation 4 by the number of carbon atoms in added molecule 

NX,add (e.g. number of C atoms in BCN tyramide is 19): 

 

 

            (5)     

 

 

A certain amount of tracer atoms will be added specifically via HRP-conjugated probes. 

However, if only one probe is hybridized to the ribosome, and if one considers the molecular 

mass of ribosome alone (approx. 2.3 MDa) (6) compared to the molecular mass of HRP-

conjugated oligonucleotide probe (approx, 50kDa), the hybridized probes represent minor 

portion (approx. 2% or less of nX,non , depending on the cell ribosome content) of added tracer 

atoms.  

 

For the sake of simplicity and clarity, I will only focus on carbon (C) and deuterium (D) from 

now on. If necessary, carbon and deuterium can be replaced by any other suitable element 

(X). When tyramides used during CCF contain deuterium (each D4-BCN-tyramide contained 

four D atoms), we can express the expected D/H ratio after labeling as: 

 

            

            (6) 

 

 

  

nadd =
nX ,add

N X , add
=

nX , f

N X , add
F X , add

 
 

nD ,non+nD , add

nH ,non+nH ,add
=

nC ,non(
H
C )

non
a D , non+nadd N D , add

nC , non(
H
C )

non
a H , non+nadd N H ,add
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where nC,non stands for total number of carbons inside a cell prior to labeling (nonEUB 

control),  is the ratio of hydrogen to carbon atoms in cell before labeling (or nonEUB 

control), NH,add is the number of hydrogen atoms in added molecule (e.g. D4-BCN tyramide), 

ND,add is the number of deuterium atoms in the added molecule (e.g. D4-BCN tyramide) and 

nadd is the total number of molecules (e.g. D4-BCN tyramide) added. To simplify the 

equation, we did not correct for the natural abundance of hydrogen (or deuterium) in added 

compounds. 

 

By substituting nadded in equation 6 by equation 5 adapted for carbon, we obtain equation 7.   

 

             

(7) 

 

 

 

 

According to equation S1 (1), we can write: 

 

              (8) 

  

Similarly to equation 4, the number of tracer atoms before the treatment can be expressed as:  

 

            (9)

  

 

Equations 8 and 9 can be combined into: 

 

                      (10) 

  

nD ,non+nD , add

nH ,non+nH ,add
=

nC ,non(
H
C )

non
a D , non+(

nC , f

N C , add
FC ,add ) N D , add

nC , non(
H
C )

non
a H , non+(

nC , f

N C , add
FC ,add ) N H , add

F X ,i=1−F X , add  

nX ,i=nX , f F X ,i  

nX ,i=nX , f (1−F X ,add )
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When we arrange equation 10 so that it refers to carbon and exchange subscript i (before 

treatment) with subscript non (non EUB338 control), we get: 

 

                    (10a) 

 

 

We can replace the term nC,non in equation 7 to yield: 

 

          

 

                      (11)

  

 

 

 

When dividing both numerator and denominator on the right side of equation 11 by nC,f , we 

obtain (after a few minor rearrangements): 

 

 

                      (12) 

 

 

 

For the sake of further simplification we can write:  

 

 

                      (13) 

 

 

  

nD ,non+nD , add

nH ,non+nH ,add
=

nC , f (1−F C , add )(
H
C )

non
a D ,non+(

nC , f

N C ,add
FC , add) N D ,add

nC , f (1−FC ,add )(
H
C )

non
aH ,non+(

nC , f

N C ,add
FC , add) N H , add

nD ,non+nD , add

nH ,non+nH ,add
=

( H
C )

non
a D ,non−F C , add ( H

C )
non

a D , non+FC ,add (
N D , add

N C ,add
)

( H
C )

non
aH , non−FC ,add ( H

C )
non

aH ,non+F C , add (
N H , add

N C , add
)

n D , non+n D, add

n H , non+n H, add

=(
n D, f

n H, f

)
 

nC ,non=nC , f (1−F C , add)  
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By substituting the left side of equation 12 by equation 13, multiplication of both sides of the 

obtained equation by the denominator (of the right side of the eq. 12) and some further 

rearrangements (e.g. multiplication of the numerator and denominator of subsequent equation 

by -1) we get: 

 

 

 

                      (14)

  

 

 

 

Finally, the calculated FC,add can be inserted into the rearranged equation 1 (equation 2 in 

Woebken et al.)  (1): 

 

 

                      (15) 

 

 

Such an aC,non can be regarded as a better approximation of the isotopic ratios in the cell 

before the CCF.  

 

However, when using the current CCF protocol, only a portion of tracer dilution can be 

corrected for. BCN-tyramides were the sole component that was labeled with D, therefore 

only their contribution to label dilution can be directly corrected for. Additionally, one could 

correct for tracer originating from fluorescent dyes added by the click reaction by assuming 

click reaction efficiency. This can be achieved by simply adding the number of atoms in the 

dye multiplied by the click reaction efficiency factor E (e.g. NC,add = NC,BCN tyramide + (E × 

NC,azide dye)).  As described in the appendix part “Click-FISH Method Development”, this 

factor is estimated to be approximately 0,5 for SPAAC. There is, however, a large proportion 

of added carbon (mainly from buffer components that are also present in the NON338 

control) that cannot be corrected for by using the calculations described above.    

  

FC , add =

(
H
C

)
non

((
nD , f

nH , f

)a H , non−a D , non)

( H
C

)
non

((
nD , f

nH , f

)a H , non−a D , non)+(
N D , add

N C , add

)−(
nD , f

nH , f

)(
N H , add

N C , add

)
 

aC ,non=
aC , f−aC , add F C , add

1−FC ,add  
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