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Summary 

 
In industrialized countries, people spend up to 90 % of their lifetime indoors, rendering 

domestic hygiene an important issue for human health and well-being. Due to favourable 

growth conditions, such as moisture, warmth, and sufficient supply of nutrients, many domestic 

environments harbour dense and diverse microbial communities. However, it also has been 

hypothesized that typical domestic cleaning and sanitation measures might shape these 

communities in a way that is unfavourable for human health and well-being. In order to get a 

deeper understanding of how environmental factors shape microbial communities in domestic 

environments, the structure (community composition) and function (physiology) of the 

microbiota in washing machines, kitchen sponges, and on washed laundry were investigated 

and associated with environmental factors using a polyphasic approach of cultivation- 

dependent and independent methods. 

 

Washing machines are widely used tools for laundry cleaning, known to offer favourable 

growth conditions for microorganisms. Colonisation is further promoted by current washing 

trends such as short and water-saving programmes, low washing temperatures, and the use of 

bleach-free liquid detergent. Using 16S rRNA gene amplicon pyrosequencing and MALDI- 

TOF-based identification of isolated bacteria, a diverse microbial community was detected at 

three sampling sites of typical household washing machines (sump, rubber door seal, and 

detergent drawer) comprising more than 200 bacterial species. The composition of this 

microbiota was strongly site-dependent, with the highest bacterial diversity found inside the 

detergent drawer. No correlations between selected user data and bacterial community 

composition were found, except the fact that bacterial diversity was significantly higher in the 

detergent drawer of machines that are frequently used with washing temperatures of 60 °C and 

higher. Cell counts based on swab samples of detergent drawer and door seal showed a bacterial 

load of 21,000 colony-forming units (CFU) per cm2, when averaged over all sampling sites. 

The lowest bacterial counts were found in the upper area of the rubber door seal, probably due 

to lack of water. The other sampling sites (detergent drawer, detergent chamber, bottom part of 

the rubber door seal) revealed similar bacterial counts of approximately 104 CFU per cm2. These 

findings, together with the fact that about half of the most common bacterial species were 

classified as potentially pathogenic, show that washing machines are a domestic source of 

potential pathogens, malodour producers, and cross-contamination. 
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In order to learn more about the metabolic activities (e.g., substrate use) of bacteria on laundered 

textiles, a metatranscriptomic analysis pipeline was established and applied for the first time to 

compare bacterial gene expression on laundered cotton and polyester fabrics. The analysis 

revealed that 17 genes differed significantly in their expression between the two tissue types, 

which are involved in several different biochemical pathways, e.g. amino acid transport and 

metabolism or bacterial carbohydrate metabolism. The data allow careful speculation that 

bacteria might feed on carbohydrates released from the cotton textiles. Knowledge about 

substrate utilization on washed laundry might help to identify novel strategies against microbial 

malodour production on washed textiles. 

 

Sponges are very popular cleaning tools in domestic kitchens. They pick up and spread 

microorganisms on a massive scale when cleaning dishes and other kitchen surfaces. 

Microwave treatment represents an effective and widely used technique to quickly reduce the 

microbial load of kitchen sponges. However, the long-term effects of such a treatment on the 

microbial community were largely unknown. When comparing the metagenome of 10 regularly 

microwaved and 10 untreated used kitchen sponges, microwave treatment showed a trend 

towards lower structural microbial diversity, while functional diversity increased. This finding 

clearly indicates that microwave treatment alters microbial diversity and genetic potential of 

resident communities in household kitchen sponges. However, further work is needed to clarify 

in more detail whether these changes are rather beneficial or adverse in terms of human health 

and well-being. 

 

In the future, the establishment and application of methods focusing on a more functional 

characterisation of the microbiota in domestic environments, such as stable isotope probing or 

metabolomic studies in addition to metagenomics or metatranscriptomics, will provide new and 

important insight into the genetic potential and metabolism of the domestic microbiota and its 

interference with domestic cleaning measures. Such knowledge might be useful to develop 

novel strategies to tackle hygienic problems such as malodour formation or the selection and 

enrichment of (potentially) pathogenic and antibiotic-resistant species in the domestic 

environment. 
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Zusammenfassung 

 
In Industrieländern verbringen Menschen bis zu 90 % ihrer Lebenszeit in Innenräumen, was die 

häusliche Hygiene zu einem wichtigen Thema für menschliche Gesundheit und Wohlbefinden 

macht. Aufgrund günstiger Wachstumsbedingungen wie Feuchtigkeit, Wärme und einer 

ausreichenden Versorgung mit Nährstoffen beherbergen viele häusliche Umgebungen 

individuenreiche und vielfältige mikrobielle Gemeinschaften. Es wurde jedoch auch die 

Hypothese aufgestellt, dass typische häusliche Reinigungs- und Hygienemaßnahmen diese 

Gemeinschaften in einer Weise beeinflussen könnten, die für die menschliche Gesundheit und 

Wohlbefinden ungünstig sind. Um ein tieferes Verständnis dafür zu bekommen, wie 

Umweltfaktoren mikrobielle Gemeinschaften in häuslichen Umgebungen formen, wurden 

Struktur (Gemeinschaftszusammensetzung) und Funktion (Physiologie) der Mikrobiota in 

Waschmaschinen, Küchenschwämmen und auf gewaschener Wäsche untersucht und mit Hilfe 

eines polyphasischen Ansatzes aus kultivierungsabhängigen und -unabhängigen Methoden mit 

Umweltfaktoren in Verbindung gebracht. 

Waschmaschinen sind weit verbreitete Geräte zur Wäschereinigung, die bekanntermaßen 

günstige Wachstumsbedingungen für Mikroorganismen bieten. Die Besiedlung wird durch 

aktuelle Waschtrends wie kurze und wassersparende Programme, niedrige Waschtemperaturen 

und die Verwendung von bleichmittelfreiem Flüssigwaschmittel weiter gefördert. Mittels 16S 

rRNA-Gen-Amplikon-Pyrosequenzierung und MALDI-TOF-basierter Identifizierung 

isolierter Bakterien wurde an drei Probenahmestellen typischer Haushaltswaschmaschinen 

(Sumpf, Bullaugendichtung und Waschmittelschublade) eine vielfältige 

Mikrobengemeinschaft mit mehr als 200 Bakterienarten nachgewiesen. Die Zusammensetzung 

dieser Mikrobiota war stark standortabhängig, wobei die höchste bakterielle Vielfalt in der 

Waschmittelschublade gefunden wurde. Des Weiteren wurden keine Korrelationen zwischen 

ausgewählten Nutzerdaten und der Zusammensetzung der Bakteriengemeinschaft festgestellt, 

mit Ausnahme der Tatsache, dass die bakterielle Vielfalt in der Waschmittelschublade von 

Maschinen, die häufig bei Waschtemperaturen von 60 °C und höher benutzt werden, deutlich 

höher war. Zellzahlen auf Grundlage von Abstrichproben der Waschmittelschublade und der 

Bullaugendichtung ergaben eine Bakterienbelastung von 21.000 koloniebildenden Einheiten 

pro cm2, wenn man den Durchschnitt über alle Probenahmestellen bildet. Die niedrigsten 

Keimzahlen wurden im oberen Bereich der Bullaugendichtung festgestellt, was wahrscheinlich 

auf Wassermangel zurückzuführen ist. An den anderen Probenahmestellen 

(Waschmittelschublade, Waschmittelkammer, unterer Teil der Türgummidichtung) wurden 
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ähnliche Keimzahlen von etwa 104 koloniebildenden Einheiten pro cm2 festgestellt. Diese 

Ergebnisse und die Tatsache, dass etwa die Hälfte der häufigsten Bakterienarten als potenziell 

pathogen klassifiziert sind, zeigen, dass Waschmaschinen eine häusliche Quelle potenzieller 

Krankheitserreger, Geruchsverursacher und Kreuzkontaminationen sind. 

Um mehr über die Stoffwechselaktivitäten (z. B. Substratnutzung) von Bakterien auf 

gewaschenen Textilien zu erfahren, wurde eine metatranskriptomische Analysepipeline 

aufgebaut und zum ersten Mal angewendet, um die bakterielle Genexpression auf gewaschenen 

Baumwoll- und Polyestergeweben zu vergleichen. Die Analyse ergab, dass sich 17 Gene in 

ihrer Expression zwischen den beiden Gewebearten signifikant unterschieden, die an 

verschiedenen biochemischen Stoffwechselwegen beteiligt sind, z. B. am Aminosäuretransport 

und -stoffwechsel oder am bakteriellen Kohlenhydratstoffwechsel. Die Daten lassen die 

vorsichtige Vermutung zu, dass sich die Bakterien von den aus den Baumwolltextilien 

freigesetzten Kohlenhydraten ernähren könnten. Das Wissen über die Substratnutzung in 

gewaschener Wäsche könnte dazu beitragen, neue Strategien gegen die mikrobielle 

Geruchsbildung von gewaschenen Textilien zu entwickeln. 

Schwämme sind sehr beliebte Reinigungswerkzeuge in der Küche. Beim Reinigen von Geschirr 

und anderen Küchenoberflächen nehmen sie in großem Umfang Mikroorganismen auf und 

verbreiten sie. Die Behandlung mit Mikrowellen ist eine wirksame und weit verbreitete Technik 

zur schnellen Verringerung der mikrobiellen Belastung von Küchenschwämmen. Die 

langfristigen Auswirkungen einer solchen Behandlung auf die mikrobielle Gemeinschaft waren 

jedoch weitgehend unbekannt. Beim Vergleich des Metagenoms von 10 regelmäßig 

mikrowellenbehandelten und 10 unbehandelten gebrauchten Küchenschwämmen zeigte sich 

bei der Mikrowellenbehandlung ein Trend zu einer geringeren strukturellen mikrobiellen 

Vielfalt, während die funktionelle Vielfalt zunahm. Dieses Ergebnis deutet darauf hin, dass die 

Mikrowellenbehandlung die mikrobielle Vielfalt und das genetische Potenzial der ansässigen 

Gemeinschaften in Haushalts-Küchenschwämmen verändert. Es sind jedoch weitere Arbeiten 

erforderlich, um genauer zu klären, ob diese Veränderungen im Hinblick auf menschliche 

Gesundheit und Wohlbefinden eher von Vorteil oder Nachteil sind. 

In Zukunft wird die Einführung und Anwendung von Methoden, die sich auf eine funktionellere 

Charakterisierung der Mikrobiota im häuslichen Umfeld konzentrieren, wie z. B. die 

Sondierung mit stabilen Isotopen oder metabolomische Studien, zusätzlich zu Metagenomik 

oder Metatranskriptomik neue und wichtige Einblicke in das genetische Potenzial und den 

Stoffwechsel  der  häuslichen  Mikrobiota  und  ihre  Beeinflussung  durch  häusliche 
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Reinigungsmaßnahmen liefern. Dieses Wissen könnte für die Entwicklung neuer 

Hygienestrategien nützlich sein, um Probleme wie Geruchsbildung oder die Selektion und 

Anreicherung von (potenziell) pathogenen und antibiotikaresistenten Arten im häuslichen 

Umfeld zu verhindern. 
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1. The Microbiome of the Built Environment 

 
 

1.1 Definitions 
 

With respect to human health and disease, the built environment, which is defined as the human- 

made surroundings, represents an important factor that can promote or harm human well-being 

(Davison and Lawson 2006; Deschenes et al. 2020; Gilbert and Stephens 2018; Kelley and 

Gilbert 2013). Due to an increasing urbanization, more and more people are living in highly 

organized built environments and their activities and lifestyles have changed in such a way that 

a large proportion of people spend a majority of their time (up to 90 % in developed countries) 

indoors (Gilbert and Stephens 2018; Kelley and Gilbert 2013; Lam et al. 2021; Northridge et 

al. 2003; Prussin et al. 2020). More importantly, various studies have shown that these interiors 

are characterized by different microhabitats that are inhabited by a microbial community, which 

is composed of bacteria, fungi, archaea, algae, viruses, and small protists (Hofbauer 2021; 

Pakpour et al. 2016; Prussin et al. 2020; Rasli et al. 2021; Tsao et al. 2019). Of these 

microorganisms, bacteria and fungi are the best analysed ones, due to their potential impact on 

human health and well-being (Prussin et al. 2020; Rasli et al. 2021). Studies identified, among 

others, Micrococcus, Staphylococcus, Pseudomonas, and Acinetobacter to be the most common 

bacterial genera and Cladosporidium, Aspergillus, and Penicillium to be the most common 

fungal genera in a variety of buildings and on their surfaces (Li et al. 2021; Martin et al. 2015; 

Rasli et al. 2021). The study of indoor viruses has recently become increasingly important, 

especially since transmissions of viruses causing respiratory infections, such as the COVID-19 

triggering Betacoronavirus SARS-CoV-2, were increasing (Dietz et al. 2020; Fendrick et al. 

2003; Hu and Hartmann 2021). 

The microbial communities in different habitats can be referred to by the term microbiota, 

which describes the totality of all living microorganisms present in a studied environment (Berg 

et al. 2020). In contrast, the term microbiome, as used by Whipps and colleagues in 1988 

(Whipps et al. 1988), refers not only to the microorganisms involved but also to their “theatre 

of activity”, which includes their specific characteristics and functions as well as their 

interactions with the environment, leading to the formation of specific ecological niches (Berg 

et al. 2020; Whipps et al. 1988). In recent years, the term became more and more associated 

with multi-omics approaches such as metagenomic, metatranscriptomic, metaproteomic, and 

metabolomic techniques that aim to characterize changes in community composition, 
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functionality, and host reactions under different conditions (Berg et al. 2020; Marchesi and 

Ravel 2015; Solbiati and Frias-Lopez 2018). 

 

 
 

Figure 1. A schematic illustration of the composition of the term microbiome. The term 

microbiome comprises a living community of microorganisms (microbiota) and its “theatre of 

activity”, as well as structural elements, metabolites, signalling molecules, and surrounding 

environmental conditions (Berg et al. 2020). 

 

 
1.2 Methods to analyse a microbiome 

 

To better understand how microbial communities are influenced by environmental factors, a 

number of studies have been conducted to characterise microbial communities in different types 

of buildings and on their surfaces (National Academies of Sciences, Engineering, and Medicine 

et al. 2017). To accomplish this, researchers used a variety of methods, both culture-dependent 

and culture-independent techniques, the most important of which are briefly explained below. 

Culture-dependent methods 
 

To get an overview of the quantity and composition of living microorganisms in a studied 

habitat, it is possible to describe and analyse specific microbial populations with conventional 

bacterial cultivation methods under laboratory conditions (Sarangi et al. 2019; Vartoukian 

2016). However, in culture-dependent methods, the growth of microorganisms is highly 

dependent on the culture medium used, the particular cultivation conditions, and the incubation 

time, which makes it very time consuming and challenging (Zengler 2009). Cultivation of 

microbially highly diverse samples in particular can distort the ratios of different taxa inside a 

community, due to different growth rates of the respective organisms (Prakash et al. 2013; 

Vartoukian et al. 2010; Zengler 2009). Nevertheless, cultivation of microorganisms is still a 
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valuable basis today, e.g. for in-depth studies on the morphology, physiology, genetics, and 

pathogenicity of microorganisms, or for susceptibility testing under real life conditions (Patenge 

et al. 2012; Prakash et al. 2013). 

One modern method to rapidly identify isolated microorganisms after cultivation is matrix- 

assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS,  

Figure 2) (Eigner et al. 2009). 

 

 
 

 

Figure 2. Schematic representation of the principle of MALDI-TOF MS identification of 

bacteria. The (ribosomal) proteins of bacteria (red and light blue spheres) embedded in matrix 

material (green spheres) are ionized by a laser. In the electric field present, the ions are 

accelerated according to their mass and electric charge and further separated in a vacuum tube. 

The measurable differences in the flight time of the desorbed particles are detected at the top of 

the vacuum tube. From the time of flight, the exact mass of the polypeptides can be calculated. 

Using the calculations, a protein spectral profile of the isolate is generated and compared with 

a reference database for identification (Wieser et al. 2012). 

 

The advantage of this technique is that it allows rapid identification of bacterial and fungal 

species by determining the molecular masses of proteins, most of which are likely to be 

ribosomal proteins (Saffert et al. 2011). The basis for the analysis is sample material obtained 

from a pure culture, e.g. whole cells or crude extracts, which are co-crystallised with a special 

matrix and ionised by short laser pulses. The ionized molecules are then accelerated in an 

electric field and their time of flight is measured in a vacuum flight tube that separates the 

molecules by molecular weight. When the ions reach the detector on top of the vacuum tube, 

their time of flight is used to calculate the exact mass of the polypeptides (Sauget et al. 2017; 

Wieser et al. 2012). Based on the calculations, a protein spectral profile of an isolate is generated 

and compared with a reference database for identification (Alatoom et al. 2011). 
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Cultivation-independent methods 
 

Many microorganisms in natural communities are difficult to culture and many methods that 

do not rely on cultivation have been developed over the last decades (National Academies of 

Sciences, Engineering, and Medicine et al. 2017). These so-called "omics" techniques have 

helped a lot to reveal a great phylogenetic and metabolic diversity within the built environment 

by analysing particular molecules such as DNA, RNA, proteins, or metabolites (Kuczynski et 

al. 2011; Vanwonterghem et al. 2014). However, to obtain comprehensive information on a 

microbial community, it is advisable to conduct polyphasic studies, as information on functional 

interactions and characteristics occurring in a given ecosystem cannot be obtained by studying 

isolated components (Siggins et al. 2012; Vanwonterghem et al. 2014). 

 

 

 
 

 
Figure 3. Overview of culture-independent methods for characterizing a microbiome. 

DNA-based approaches can be divided into sequencing of 16S rRNA gene amplicons, which 

allows determination of community composition, while metagenomics also provides 

information on the functional potential of a community. Metatranscriptomics can identify active 

microbial communities and determine important metabolic pathways and gene expression. 

Metaproteomics and metabolomics better reflect functional protein expression and metabolic 

activity. Visualisation methods based on isotope and elemental imaging can be used to 

enumerate metabolically active cells and to calculate substrate uptake rates and nutrient fluxes 

(Vanwonterghem et al. 2014). 
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The use of environmental DNA sequencing has revealed a large biodiversity of microorganisms 

in different habitats (Barberán et al. 2015; Flores et al. 2013; Fritz et al. 2018; Leung et al. 2021; 

Mahnert et al. 2015; Perkins et al. 2009; Sitarik et al. 2018; Turner et al. 2013). Basically, DNA- 

based analyses can be divided into two groups: environmental single-gene surveys or random 

shotgun studies of all environmental genes (Gilbert and Dupont 2011; Hamady and Knight 

2009). Single-gene studies typically use stable phylogenetic marker genes that are highly 

conserved but exhibit sufficient variation to distinguish between taxa (Khayalethu 2013; 

Sharpton 2014). Such genes may be the 16S ribosomal RNA gene for bacteria or archaea, the 

18S ribosomal RNA gene for eukaryotes, or the internal transcribed spacer (ITS) region for 

fungi (Galloway-Peña and Hanson 2020; Hamady and Knight 2009; Khayalethu 2013). These 

marker genes are specifically amplified using polymerase chain reaction (PCR), and the 

resulting amplicon products are subsequently sequenced (Galloway-Peña and Hanson 2020; 

Gilbert and Dupont 2011; Kuczynski et al. 2011). Random shotgun sequencing, on the other 

hand, uses the entire repertoire of genetic information in a sample to be sequenced, allowing 

simultaneous profiling of the presence as well as functional characteristics of bacteria, fungi, 

DNA-viruses, and other microorganisms (Galloway-Peña and Hanson 2020; Gilbert and 

Dupont 2011). Shotgun sequencing data can be analysed in different bioinformatic ways 

(Sharpton 2014). On the one hand, a simple read-based analysis can be performed, where the 

obtained reads are compared against different reference databases (Galloway-Peña and Hanson 

2020; Quince et al. 2017). On the other hand, an assembly can be created on the basis of the 

reads, whereby a distinction is made here between a de novo assembly and a reference-based 

assembly (Wajid and Serpedin 2016). The advantage of assembly over read-based analysis is 

that longer sequence segments, so-called contigs, are formed during assembly (Ghurye et al. 

2016). Thus, extended genome regions can be analysed or, even better, whole genomes can be 

obtained (Lapidus and Korobeynikov 2021). Sequences with low frequency, on the other hand, 

are lost during assembling (Nayfach and Pollard 2016). 

Metatranscriptomic methods analyse the total RNA content of the microbiome sample, which 

has been previously extracted, enriched, and transcribed into cDNA for sequencing (Kukurba 

and Montgomery 2015; Kulski 2016; Moran et al. 2013; Santana et al. 2016; Shakya et al. 

2019). This method can be used to determine not only the taxonomy of transcriptionally active 

organisms, but also the functional activity by measuring expressed transcripts within a 

microbiome at a specific time and under the respective environmental conditions (Galloway- 

Peña and Hanson 2020; Lavelle and Sokol 2018; Shakya et al. 2019; Solbiati and Frias-Lopez 

2018). In addition, comparisons between different environmental conditions help to determine 
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which pathways might be up- or down-regulated (Galloway-Peña and Hanson 2020; Oshlack 

et al. 2010). 

In addition to the methods mainly used in this thesis, further methods are available. 

Metaproteomics is used to characterize the protein expression of a microbial community under 

a given set of environmental conditions at a specific time point (Bastida et al. 2009; Sajulga et 

al. 2020; Vanwonterghem et al. 2014). It is important to note that, although the end product of 

mRNA are proteins, it has been shown that the transcriptome is not linearly proportional to the 

proteome, likely due to additional levels of cellular localisation and regulation at the protein 

level that are not captured by RNA measurements, such as post-translational modifications or 

controlled proteolysis (Hettich et al. 2013; Langley et al. 2013). However, in a metaproteome 

analysis, proteins are extracted from a microbial community, fractionated, separated by 

chromatography, and then detected by mass spectrometry to constitute most functional aspects 

of cellular metabolism (Hettich et al. 2013; Langley et al. 2013; Vanwonterghem et al. 2014). 

Metabolomics is another approach to study metabolic profiles in biological systems in response 

to environmental stimuli (Lankadurai et al. 2013; Lin et al. 2006). To do so, naturally occurring, 

low-molecular organic metabolites within a cell are usually analysed by either nuclear magnetic 

resonance spectroscopy or mass spectrometry (Bundy et al. 2009; Spratlin et al. 2009). All in 

all, metabolomics can provide insights into the cellular response of microorganisms to specific 

environmental stressors at the metabolic level, such as metal toxicity, or provide information 

about the state or conditions of the environment under study (Bundy et al. 2009; García- 

Sevillano et al. 2015; Lankadurai et al. 2013; Viant 2009; Viant and Sommer 2013; Zhang et 

al. 2021). Another way to characterise the metabolic capabilities of a microbial community are 

methods based on stable isotopes or radioactively labelled substances (Vanwonterghem et al. 

2014). For stable isotope-based methods, selected substrates are labelled with heavy stable 

isotopes (mainly 13C, 15N), which then are subsequently assimilated by the microorganisms 

(Berry and Loy 2018; Hungate et al. 2015; Uhlik et al. 2013). The assimilation of the substrate 

used can be analysed via various techniques. On the one hand, the uptake of the labelled 

substrate can be visualised using imaging techniques such as Secondary ion mass spectrometry 

(SIMS) techniques, e.g. nanoSIMS, that enables visualisation with fine spatial resolution of 

single cells (Musat et al. 2012; Watrous and Dorrestein 2011). On the other hand, organisms of 

a microbial community that have incorporated the heavy isotope of the labelled compound into 

biomarkers such as DNA or RNA during microbial growth can be identified by nucleic acid 

sequencing after being separated by a density gradient formed during isopycnic centrifugation 

(Haichar et al. 2016; Hungate et al. 2015; Radajewski et al. 2000). 
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2. Microbiome and hygienic relevance of selected objects in the Built Environment 
 

Within private households, there are several inanimate surfaces or appliances with which 

humans interact directly or indirectly almost every day, and each of these objects harbours 

complex microbial communities (Stephens et al. 2019). In the domestic environment, 

dishwashers, refrigerators, washing machines, laundry, and kitchen sponges can act as 

microbial hotspots (Novak Babič et al. 2020). Objects such as these are constantly inoculated 

with new microorganisms through their use, e.g. through handling food or direct physical 

contact, and microbial growth is promoted due to the environmental conditions prevailing there, 

such as moisture or high nutrient availability (Cardinale et al. 2017; Donofrio et al. 2012). 

However, because of this, such objects can represent a domestic source of (potentially) 

pathogenic microorganisms and cross-contaminations but are mostly not perceived as such by 

consumers (Donofrio et al. 2012; Marotta et al. 2018). The following section of this dissertation 

takes a closer look at washing machines, laundry, and kitchen sponges. 

 
 

2.1. The washing machine and laundry items 
 

Doing laundry is one of the most common household activities, and the number of washing 

machines in households in developed countries is generally high (Pakula and Stamminger 

2010). Recently, it was estimated that up to 96 % of German households own a washing 

machine and up to 4 kg of laundry is washed per person per week in German households (Ellmer 

et al. 2017). 

The main goal of doing laundry is to obtain clean and fresh clothes, free from dirt, soil, 

pathogens, and odours. The efficiency of laundry processes is controlled by four factors which 

form the so-called Sinner's Circle for Laundry and Cleaning: chemistry, mechanics, 

temperature, and time, with water as the connecting factor (Abeliotis et al. 2015; Ellmer et al. 

2017; van Herreweghen et al. 2020). In case of the washing machine, these factors are 

represented by: washing temperature, type and quantity of the detergents used, mechanical 

action of the washing drum, duration of the washing cycles, and the water source (Alborzi et al. 

2017). In any case, as shown in Figure 4, the reduction of one factor has to be compensated by 

the other factors in order to achieve the same cleaning effect (Basso et al. 2017). 
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Figure 4. General representation of Sinner's circle. Factors that make up the Sinner Circle 

are mechanics (blue), temperature (orange), chemistry (green), and time (red). The picture also 

visualises how individual factors of the Sinner circle must change when one factor is increased 

(Basso et al. 2017). 

 

 
Washing processes have a significant impact on the environment, consuming over 5.5 billion 

kWh of electricity and 380 million m3 of water as well as 600,000 t of detergents in Germany 

annually (Ellmer et al. 2017). Due to this significant consumption of energy, water, and 

chemicals, modern washing trends try to reduce the energy demand and make washing 

processes more environmentally friendly and sustainable (Alborzi et al. 2017; Bao et al. 2017). 

Adaptations to the washing process include, for example, a reduced energy consumption by 

using low-temperature washing programmes, a reduced water consumption by eliminating one 

or two rinse cycles, as well as changes in detergent chemistry to avoid water pollution, such as 

the replacement of tripolyphosphates, addition of bleach activators or an increased use of 

biodegradable surfactants (Ivanković and Hrenović 2010; Reynolds et al. 2021; Terpstra 2001). 

Nevertheless, such adaptations can negatively affect laundry hygiene (Egert 2017). For 

instance, lowering the washing temperature can result in a higher number of surviving 

microorganisms due to lower thermal inactivation and insufficient activation of the added 

bleaching agents, whose antimicrobial efficacy has its optimum at 60 °C (Bloomfield et al. 

2015; Bockmühl et al. 2019). In addition, reducing the number of rinses with lower amounts of 

water can lead to an insufficient draining of microorganisms, which are released from the fabric 

during the wash (Aiello et al. 2008; Terpstra 2001). 
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2.1.1 The microbiome of (domestic) washing machines 

 
Microorganisms enter a washing machine mainly through worn and soiled textiles and clothing, 

water, and the ambient air (Hanson et al. 2016; Leung et al. 2014; Nix et al. 2015; Ren et al. 

2015). On the one hand, washing machines offer favourable conditions for microbial growth, 

such as a warmth, humidity, and nutrients. On the other hand, microorganisms have to adapt to 

rapidly changing conditions, such as humidity/desiccation, high/low temperatures, 

neutral/alkaline pH values and the presence/absence of tensides, bleach, and other aggressive 

chemicals (Novak Babič et al. 2020; Savage et al. 2016). To survive under such conditions, 

flexible gene expression is vital for survival and enables adaptation, for example to sudden 

shifts in nutrient availability or pH (Donlan and Costerton 2002; Filippis et al. 2021; Jefferson 

2004). One particularly important example of adaptation through systematic gene expression is 

the formation of biofilms (Gupta et al. 2016; O'Toole et al. 2000). Here, microbial cells live in 

homogeneous or heterogeneous populations, which are embedded in extracellular polymeric 

substances that are secreted by the constituents of the biofilm (Cortés et al. 2011; Gupta et al. 

2016; O'Toole et al. 2000). More importantly, the formation of biofilms ensures that nutrients 

and water are bound to the specific location and help microorganisms to withstand, for example, 

alternating wet and dry periods, frequent temperature changes during wash cycles, or oxidative 

cleaning agents (Raghupathi et al. 2018). One reason for the resilience of biofilms is a top-down 

nutrient and oxygen gradient associated with reduced bacterial metabolic activity and thus 

increased bacterial cell doubling time or even dormancy, which can lead to reduced 

susceptibility to fluctuating conditions and antimicrobials (Gostinčar et al. 2022; Høiby et al. 

2010). Most importantly, it has been shown that the growth of biofilms is associated with an 

increased frequency of mutations, e.g. through horizontal gene transfer, which could increase 

infectivity or cause resistance to certain antibiotics (Foster 2007; Galhardo et al. 2007; Høiby 

et al. 2010; Mangalappalli-Illathu and Korber 2006). 

Inside a washing machine, biofilms are mainly formed at the water-surface interface on plastic, 

metal, or rubber components (Raghupathi et al. 2018). As a result, microorganisms accumulate 

on these machine components, such as door seal, detergent drawer, or sump, which are 

predominantly components with stagnant water or components which are neglected or difficult 

to reach and are therefore not cleaned regularly (Donlan and Costerton 2002; O'Toole et al. 

2000; van Herreweghen et al. 2020). The formation of biofilms leads to unaesthetic plaques, 

e.g. in the detergent drawer or the door seal, and fosters a constant recontamination of laundry 

and the regularly cleaned machine parts, as well as an impairment of the machine's service life 
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by promoting, for example, the corrosion of metal parts (Callewaert et al. 2015; Egert 2017; 

Raghupathi et al. 2018; Ren et al. 2015; Zalar et al. 2011). Furthermore, microbial colonisation 

might cause machine and laundry malodour (van Herreweghen et al. 2020). In addition, the 

biofilms in washing machines could serve as a reservoir for pathogens (Egert 2017). 

Several studies, so far, analysed the composition of microbial biofilms inside domestic washing 

machines (Altenbaher et al. 2011; Babič et al. 2015; Callewaert et al. 2015; Honisch et al. 2014; 

Nix et al. 2015; Ossowski and Duchmann 1997; Wiksell et al. 1973; Teufel et al. 2010; 

Stapleton et al. 2013). Nix and co-workers, for instance, demonstrated the prevalence of 

prokaryotic and eukaryotic microorganisms inside biofilms from washing machines using 

single-gene studies based on the 16S ribosomal RNA gene for bacteria and the ITS region for 

fungi (Nix et al. 2015). They showed that Proteobacteria are the dominant bacterial colonizer, 

while Basidomycota and Ascomycota are the main fungal representatives (Nix et al. 2015). In 

additional studies, Acinetobacter, Bacillus, Brevundimonas, Clostridium, Corynebacterium, 

Escherichia, Micrococcus, Pseudomonas, and Staphylococcus were identified as typical 

bacterial colonisers of washing machines, and Candida, Fusarium, Aspergillus, and Exophiala 

species as typical fungal representatives (Babič et al. 2015; Novak Babič et al. 2020; van 

Herreweghen et al. 2020). The microorganisms in a machine also show specific spatial 

distribution patterns that probably depend on the particular microenvironments at a given site 

(Babič et al. 2015; Nix et al. 2015). For instance, it has been proposed that fungi primarily 

prevail inside the door seal, while bacteria dominate the detergent chamber (Nix et al. 2015). In 

addition, it was shown that the microbial community composition is variable and influenced by 

various factors. Callewaert and colleagues identified the skin microbiome of the user, as well as 

the water source, as important influencing factors (Callewaert et al. 2015). 

The extent to which consumer behaviour, including chosen washing temperature, detergent 

type, or regular cleaning, might additionally influence the structure and functionality of washing 

machine microbial communities has not yet been adequately elucidated (van Herreweghen et 

al. 2020). 

 

 
2.1.2 The microbiome of laundry 

 
When clothes are worn, the fabric comes into direct contact with the skin. It was shown that 

microorganisms associated with textiles are broadly similar to those of the microbiome of 

human skin (Danko et al. 2021). Various studies so far have identified Staphylococcus sp., 
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Micrococcus sp. as well as Streptococcus sp., Bacillus sp., Enterobacteriaceae, and 

Acinetobacter sp. or corynebacteria and cutibacteria as common members of the textile 

microbiome (Callewaert et al. 2014; Callewaert et al. 2015; Danko et al. 2021; McQueen et al. 

2007; Teufel et al. 2010). In addition to skin microorganisms, environmental microorganisms, 

e.g. from dust, soil, and food, can also be found on the fabrics, depending on the soiling or the 

use of the textile (Bockmühl et al. 2019; Licina and Nazaroff 2018; Nkiwane 2014; Pace- 

Asciak et al. 2018). 

Adherence of microorganisms to the fabric fibres depends mainly on the microbial species itself 

but also on the fibre compositions and the bacteria-fabric contact condition, such as time, 

surface morphology, or hydrophobicity (An and Friedman 1998; Hsieh and Merry 1986; Hsieh 

et al. 1987; Takashima et al. 2004; Teufel et al. 2010). For example, Hsieh and colleagues 

showed that staphylococci adhere much better to cotton, polyester, and their blends than 

Escherichia coli (Hsieh and Merry 1986). Additionally, it was also found that extending the 

bacteria-fabric contact time gives bacteria more opportunities to attach to the fabric (Bajpai et 

al. 2011; Hsieh and Merry 1986). 

Interestingly, a study by Rayner (2004) has shown that adherent microorganisms can form 

biofilms in and on the textile after wearing or using it and use transferred substances such as 

sweat, body fluids, sebum, or bacterial metabolic products as nutrients, from which they can 

also produce odour-forming substances, as it has been demonstrated for Staphylococcus 

epidermidis (Chung and Seok 2012; Rayner et al. 2004; van Herreweghen et al. 2020). In 

addition, further studies have shown that some microorganisms, such as Staphylococcus aureus 

or vancomycin-resistant enterococci, survived for up to 90 days on five common hospital 

materials, however depending on the initial amount of inoculation (Neely and Maley 2000). 

Furthermore, the survivability of microorganisms on textiles is also influenced by temperature, 

relative humidity, organic content, and deposition method (Neely 2000; Pandekar and Gurav 

2019; Yeargin et al. 2016). For example, it is assumed that the higher survival rate of 

microorganisms on cotton compared to polyester or silk is partly due to the ability of the 

different fabrics to absorb and retain moisture (Colclasure et al. 2015; Riley et al. 2017). Silk, 

for example, as a densely woven fabric with very few pores, absorbs less liquid than cotton, 

which has many pores (Colclasure et al. 2015). 
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2.1.3 Hygienic relevance of laundry and washing machines in domestic environments 

 
In general, laundering of clothes is meant to remove visible and invisible soiling and stains after 

the textile was used to ensure aestethic fitness for reuse of the textile (Fijan et al. 2005; Terpstra 

1998). Additionally, it is also performed to remove odorous substances and microorganisms 

from clothing to prevent transmission and reexposure to pathogens (Abney et al. 2021). 

Altogether, the laundering process does not only consist of the washing process itself but is 

made up of several steps, starting with collection of the laundry and extending to the washing 

of the laundry, removal of the laundry from the machine, drying, and storage of the freshly 

washed laundry (Abney et al. 2021; Reynolds et al. 2021). As shown in Figure 5, each step is 

influenced by a number of factors that affect the potential removal of microorganisms from 

textiles during the washing process (Abney et al. 2021). 

 

 

 

 
Figure 5. Influencing variables in hygienic washing. Displayed are factors that can affect the 

removal of microorganisms throughout the washing process (Abney et al. 2021). 

 

 
For example, it has been shown that bacteria can be transferred from laundry, especially wet 

laundry, to hands or other surfaces during loading or unloading of the machine, folding, or final 

storage of the texiles (Fijan et al. 2005; Sattar et al. 2001; Scott and Bloomfield 1990). The 

release of microorganisms via the air when handling soiled clothing can contribute to airborne 

exposure of, for example, Staphylococcus spp., cutibacteria, corynebacteria, Lactobacillus spp., 

and Streptococcus spp. (Handorean et al. 2015). As a result, the handling of clothing might 
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contribute to cross-contamination and the transfer of microorganisms to other members or areas 

of the household (Handorean et al. 2015; Heudorf et al. 2017; Owen and Laird 2020). 

Besides that, washing clothes in the washing machine can further contribute to the spread of 

microorganisms (Callewaert et al. 2015). In general, during the washing process a microbial 

reduction occurs through mechanical, chemical, and physical processes (Terpstra 2001). For 

example, it is estimated that compared to plain washing the use of a detergent can reduce 

bacterial contaminations by 88.9 % (Gibson et al. 1999). The further use of detergents 

containing activated oxygen bleach (AOB) can increase the reduction by up to one or more log 

levels. Furthermore, it was also determined that rinse cycles probably contribute to about one 

log reduction, each (Bloomfield et al. 2013). All in all, a machine wash can reduce the microbial 

load by three to six log levels, depending strongly on the interaction of other factors such as 

temperature, detergent formulation, wash cycle duration, or number of rinse cycles (Bloomfield 

et al. 2017). 

However, if the washing conditions are changed towards more sustainability, e.g. by using less 

water and lower temperatures, the cleaning performance is in any case lower than with washing 

programmes that use higher temperatures (Cunliffe et al. 1988; Shin et al. 2020; Terpstra 2001). 

For instance, it has been suggested that the release of microorganisms from fabrics is more 

effective at higher temperatures (50 °C versus 30 °C) due to stronger convection currents 

(Ainsworth and Fletcher 1993). In addition to the physical effects, the washing temperature also 

influences microbial viability (Honisch et al. 2014; Savage et al. 2016). For example, Shin and 

co-workers demonstrated a higher bacterial viability of Acinetobacter baumannii and 

Staphylococcus aureus on cotton samples after washing at low temperature without AOB 

compared to high temperature (> 60 °C), which achieved a reduction rate of 99.9 % when 

washed without AOB (Shin et al. 2020). 

Consequently, sustainable washing trends hamper a reduction of microorganisms but facilitate 

the survival of microorganisms in the washing machine, which in turn can accumulate on 

various surfaces and form biofilms (Nix et al. 2015). This may have a negative impact on 

hygiene, as it is assumed that biofilms can act as a reservoir for pathogens (Gibson et al. 1999). 

In addition, biofilms can also lead to constant re-contamination of laundry and regularly cleaned 

machine parts as well as an unpleasant smell of the machine and laundry or contribute to the 

corrosion of metal parts (Callewaert et al. 2015; Egert 2017). 

In addition to biofilm formation, several studies demonstrated a microbial exchange and a 

mixing of microorganisms stemming from different kinds of sources, e.g. the incoming water, 
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skin, soiled clothing, and biofilms from inside the washing machine, which presumably 

contaminate all textiles of a washing load (Callewaert et al. 2015; Hammer et al. 2011). Such 

processes can contribute to the transmission of microorganisms through the textiles themselves 

in direct contact with skin or through handling after washing (Hammer et al. 2011). This can be 

a serious problem in case of people with a compromised immune system, such as young children 

or elderly people (Oosterom 1998; Shin et al. 2020). For example, Schmithausen and colleagues 

identified an (irregularly used) household washing machine as the reservoir and the woollen 

laundry washed in it as the vector of a multidrug-resistant Klebsiella oxytoca strain infecting 

newborns in a paediatric ward (Schmithausen et al. 2019). Earlier, Kundsin demonstrated the 

risk of cross-contamination from household laundry by describing an outbreak of 

Staphylococcus aureus skin infections among families sharing the same laundry facilities 

(Kundsin 1966). Pathogens that have further been proven to be transmitted via laundry comprise 

fungal dermatophytes (yeasts and moulds) or bacteria like Salmonella (Bloomfield et al. 2011; 

Ossowski and Duchmann 1997). 

All in all, in a “healthy” household, the risk of infection through washed laundry is low 

(Bloomfield et al. 2011). However, if there are susceptible people in the household, special 

antimicrobial strategies should be applied (Egert 2017). Reynolds and co-workers attempted to 

quantify the risk of infection from washed laundry and summarized special laundry handling 

strategies in case of illness or special situations, displayed in Table 1 (Reynolds et al. 2021). 
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Table 1. Overview of the procedure recommended by Reynolds and co-workers for washing at different hygienic conditions. Special 

laundry treatment for the best possible hygienic cleaning ordered according to possible special situations that may occur in a household. 

(Reynolds et al. 2021). (Continued on the next page). 
 

 

 

 

 

Situation 

Healthy households with 

light staining and bodily 

soiling 

Healthy households with 

heavy staining and bodily 

soiling 

Households with suspected or 

confirmed respiratory 

infections including COVID- 

19, influenza or the common 

cold 

Households with confirmed or 

suspected enteric infections 

(‘stomach bugs’) 

 

Households with persons who 

have a weakened immune 

system 

Households with healthcare 

workers and first responders; 

laundering work clothes at 

home 

 

 

 

General 

guidance 

Standard laundry process 

using quality detergents 

provides adequate hygiene 

for every-day laundering 

Active households with 

heavier soiling can benefit 

from higher quality detergents 

(characterized by multiple 

types of surfactants and 

enzymes) to deeply clean 

stains and body soil residues 

from textiles 

Special precautions should be 

taken when handling 

contaminated clothes and 

bedding as per the CDC 

guidelines, but sanitizers are 

not needed to remove 

respiratory viruses 

Sanitizers and/or the sanitizing 

cycle on the washing machine 

should be used during certain 

illness or special situations, but 

they should be used in 

combination with higher 

quality detergents to first 

remove deeply embedded 

soils, and should not be used 
for everyday cleaning 

 

 
Special 

handling 

precautions 

Wash hands after handling 

soiled laundry and 

transferring wet laundry from 

washer to dryer; avoid 

contact between 

contaminated surfaces and 

soiled laundry 

Wash hands after handling 

soiled laundry and transferring 

wet laundry from washer to 

dryer; avoid contact between 

contaminated surfaces and 

soiled laundry 

Wear disposable gloves when 

handling dirty laundry (clothes 

and bed linens) from a person 

who is sick; Dirty laundry 

from a person who is sick can 

be washed with other people's 

items. Do not shake dirty 

laundry; Clean and disinfect 

Work clothes should be 

removed before entering the 

domestic environment; Wear 

disposable gloves when 

handling dirty laundry (clothes 

and bed linens) from a person 

who is sick; Dirty laundry 

from a person who is sick 
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   clothes hampers and contact 

surfaces; Remove gloves, and 

wash hands immediately; 

Wash hands again after 

transferring wet laundry from 

washer to dryer 

should not be washed with 

other people's items; Do not 

shake dirty laundry; clean and 

disinfect clothes hampers and 

contact surfaces; Remove 

gloves, and wash hands right 

away; wash hands again after 

transferring wet laundry from 

washer to dryer 

 
Recommended 

products 

Regular (low surfactant; no 

enzymes) or high quality 

(high surfactant; enzymes) 

laundry detergent 

Higher quality detergents 

(multiple types of surfactants 

and enzymes) 

High or higher quality 

detergents 

High-quality laundry detergent 

PLUS Registered Sanitizer or 

Sanitizing Cycle on the 

washing machine 

Washing 

frequency 

Wash as needed Wash frequently Wash as soon as possible Wash as soon as possible 

 

 

Washer 

settings 

Regular detergent Cold water 

for most clothes; use 

warm/hot water for socks, 

underwear, sheets, and 

towels, and cleaning cloths; 

high-quality detergent: wash 

at any temperature, including 

cold water 

Wash at any temperature, 

including cold water 

Use the warmest water setting 

allowed by the care label 

Hottest water allowed by the 

care label; follow registered 

sanitizer product instructions 

or washing machine 

instructions for the sanitizing 

cycle 

 
Dryer setting 

Medium heat; allow clothes 

to dry completely before 

storing 

Low to medium heat; allow 

clothes to dry completely 

before storing 

Medium to high heat; dry 

completely before storing 

Highest heat setting allowed 

by the care label; dry 

completely before storing 
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Besides the health aspect, insufficient cleaning can also have other consequences. For instance, 

residual organic load such as remaining biofilms in the fabric, can, even if no longer active or 

viable, retain malodorous compounds, such as isovaleric acid or be the cause of discolouration 

of textiles due to microbial pigments (Mayer et al. 2021; Rayner et al. 2004; Reynolds et al. 

2021). In addition, the residual organic load can serve as an additional source of nutrients for 

new microorganisms that are introduced to the textile when it is worn again, which therefore 

can lead to an increased microbial growth and contribute to the formation of malodour as shown 

for example, for Staphylococcus epidermidis (Chung and Seok 2012; Møllebjerg et al. 2021). 

Hence, the life cycle of a textile is limited by the resulting loss of quality and comfort, as 

repeated wear can lead to an accumulation of biomass and eventually permastink (Møllebjerg 

et al. 2021; van Herreweghen et al. 2020). 

 

 
 

 

Figure 6. The life cycle of a bacterial biofilm on a textile fiber. Visualisation how bacteria 

repeatedly pass through constantly changing and periodic phases of attachment, growth, drying, 

and washing (Møllebjerg et al. 2021). 

 

 
2.2 Kitchen sponges 

 

Kitchen sponges represent the most frequently used cleaning utensil in domestic kitchens 

(Lagendijk et al. 2008; Mattick 2003; Turgay and Erbilir 2005). They are usually used for 

washing and scrubbing dishes and other kitchen utensils, such as pans and casseroles, but also 

for cleaning kitchen surfaces, such as sinks, refrigerators, or stove-tops (Lagendijk et al. 2008; 
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Møretrø et al. 2021). Today, kitchen sponges fabricated from different materials are 

commercially available, e.g. polyurethane or cellulose (Gerba et al. 2017; Nibedita et al. 2020). 

Both bind food residues or soils to the sponge during cleaning and, together with the retained 

moisture, create a favourable environment for microbial growth (Cardinale et al. 2017; Nibedita 

et al. 2020). Consequently, several studies so far have recognized kitchen sponges as a major 

fomite in the spread of microorganisms in domestic kitchens leading to foodborne illnesses and 

cross-contaminations of kitchen appliances (Donofrio et al. 2012; Turgay and Erbilir 2005). 

 
 

2.2.1 Microbiome of kitchen sponges 
 

As a cleaning tool, kitchen sponges can be contaminated by food itself, contaminated water, or 

by washing contaminated surfaces or dishes (Borneff et al. 1988; Mattick 2003; Møretrø et al. 

2021). 

Microorganisms absorbed in this way can reach up to 5.4 * 1010 cells per cm3 sponge tissue, 

and remain stable thereafter (Cardinale et al. 2017; Evans and Redmond 2019; Hilton and 

Austin 2000; Ikawa and Rossen 1999; Møretrø et al. 2021; Rossi et al. 2013). More importantly, 

the varying pore size of a kitchen sponge allows for a wide distribution of microorganisms 

inside it, which naturally leads to a multi-level partitioning of the microbial community (Wu et 

al. 2022). Furthermore, these microorganisms can form biofilm-like clusters of microbial cells 

within the multiporous sponge tissue (Cardinale et al. 2017). 

In addition to determining the microbial load, several cultural and molecular studies examined 

the microbial composition of kitchen sponges and found a wide diversity of mostly harmless 

environmental bacteria, but also opportunistic pathogenic bacteria, as well as yeasts and moulds 

(Cardinale et al. 2017; Hassan and El-Bagoury 2017; Turgay and Erbilir 2005; Wolde and 

Bacha 2016). In different studies, predominant bacteria such as Pseudomonas, Bacillus, 

Micrococcus, Streptococcus, and Lactobacillus as well as Brevundimonas, Rhizobium, 

Chrysobacterium, and Sphingobium, but also Salmonella, Campylobacter, and Klebsiella were 

identified (Borrusso and Quinlan 2017; Cardinale et al. 2017; Hassan and El-Bagoury 2017; 

Møretrø et al. 2021; Osaili et al. 2020; Wolde and Bacha 2016; Chaidez and Gerba 2000). The 

studies have also shown that pathogenic bacteria represent only a small fraction of all bacteria 

(Cardinale et al. 2017; Møretrø et al. 2021). In addition, microbial diversity was found to be 

influenced by the type of sponge, food handling, and food preparation habits in the household, 

such as cooking preferences or storage conditions (Chaidez and Gerba 2000; Møretrø et al. 
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2021). For example, Gerba and colleagues showed that polyurethane sponges contained 50 % 

fewer total bacteria and 99.9 % less Escherichia coli than cellulose sponges (Gerba et al. 2017). 

 
 

2.2.2 Hygienic relevance of kitchen sponges in domestic environments 
 

Since many foods are contaminated with microorganisms, kitchens are areas of particular 

importance for human health (Boer and Hahné 1990; Francis and O'Beirne 2001; Mattick 2003). 

Some studies, which analysed food poisoning outbreaks in England and Wales, estimated that 

16 % of outbreaks could be linked to meals prepared in private homes (Cowden et al. 1995). 

Furthermore, according to the European Food Safety Authority (EFSA), one in three foodborne 

infectious diseases was related to the home environment (European Food Safety Authority and 

European Centre for Disease Prevention and Control 2018). However, due to the fact that mild 

private outbreaks do not have to be reported, the number of unreported outbreaks may be even 

higher (Redmond and Griffith 2009). Although mostly caused by improper handling of food, a 

considerable proportion of these diseases, however, were caused by cross-contaminations 

(Davies 1952; Evans et al. 1998). 

Studies have shown that humid places in kitchens are environments where microorganisms are 

most likely to survive or grow (Flores et al. 2013). Kitchen sponges can be important vehicles 

for contamination transfer (Ikawa and Rossen 1999; Taché and Carpentier 2014). On the one 

hand, they come in contact with potentially contaminated surfaces or food during several 

kitchen activities, such as washing up contaminated dishes or wiping kitchen surfaces that came 

in contact with contaminated food (Mattick 2003). On the other hand, they can contain a 

relatively large amount of water even after 24 hours of drying time and therefore offer ideal 

growth conditions for microorganisms that may form biofilms (Cardinale et al. 2017; Møretrø 

et al. 2021). More importantly, sponges can become reservoirs for obligate pathogens 

(Cardinale et al. 2017). For example, Møretrø and co-workers could show that, once absorbed, 

bacteria such as Campylobacter can survive for one day in sponges, while Salmonella can even 

survive for more than seven days (Møretrø et al. 2021). 

In any case, the use of a microbially contaminated sponge can lead to (re)contamination of 

kitchen utensils and surfaces (Beumer and Kusumaningrum 2003). Especially with regard to 

pathogens, this can pose a major health risk due to the usually low infectious dose of certain 

pathogens, such as the aforementioned Campylobacter or human noroviruses (Gibson et al. 

2012; Humphrey 2002). In addition, cross-contaminations might also be a cause for food 

spoilage (Biranjia-Hurdoyal and Latouche 2016; Huis in't Veld 1996). 
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To reduce microbial contamination of kitchen sponges, several physical or chemical methods 

are proposed (Ikawa and Rossen 1999). These methods include, for example, the addition of 

hypochlorite or a dishwashing detergent to the kitchen sponge, but also cleaning by means of 

boiling or putting the sponge into the dishwasher, washing machine, or microwave oven (Ikawa 

and Rossen 1999; Park et al. 2006; Sharma et al. 2009). Several studies, e.g. by Ikawa and 

colleagues and Sharma and colleagues, investigated the effectiveness of the different cleaning 

methods for kitchen sponges and could prove that microwave radiation, emitted by a microwave 

oven, can effectively reduce the bacterial load of artificial contaminated kitchen sponges by 

five to seven log scales (Ikawa and Rossen 1999; Sharma et al. 2009). 

In any case, applied in household conditions, each sanitisation method shows different 

efficacies in reducing microorganisms, particularly in relation to the presence of food residues 

that can adversely affect them and lead to a rapid recolonization of the sponge tissue by the 

microorganisms that have survived the sanitisation (Cardinale et al. 2017; Kusumaningrum et 

al. 2002; Ikawa and Rossen 1999; Sharma et al. 2009). Therefore, knowledge about the survival 

of pathogenic bacteria in kitchen sponges in conjunction with consumer practices is necessary 

to provide risk-mitigating advice to consumers (Møretrø et al. 2021). 

 

 
3. Aim of the presented studies 

 
Since washing machines, laundry and kitchen sponges are hygienically highly relevant objects 

in the domestic environment, that can influence human health and well-being, the aim of the 

presented studies was to significantly expand existing knowledge about the biodiversity and 

metabolism of microbial communities in these domestic microhabitats and contribute to a 

deeper, consumer-relevant and especially more function-oriented characterisation of their 

microbiomes. 

To achieve this, culture-independent 16S rRNA amplicon sequencing was used to link 

consumer behaviour to species diversity and taxonomic composition at different sites in 

household washing machines, such as door seal, detergent drawer, sump, and textile fibres. The 

user-dependent factors selected for this analysis included the usage of liquid detergents, 

machine age, the perception of malodour from machine or washed textiles, the average number 

of washing cycles per month at  60 °C, as well as the use of fabric softener, whether mainly a 

powder or a liquid detergent was used for washing, and if the machine was cleaned regularly. 
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Additionally, culture-dependent quantification of microorganisms on different components of 

the washing machine, e.g. the detergent drawer and the rubber seal of the door, and the 

subsequent identification of several morphotypes based on MALDI-TOF should also provide 

more information on the actual microbial load of the different washing machine components 

and estimate the pathogenic potential of the isolates to allow for a better risk assessment of 

washing machines. 

In addition to the microbial composition and the factors that control it, this work also aimed to 

investigate and characterize the most important metabolic activities of microorganisms of 

washing machines, laundry, and kitchen sponges. For this purpose, it was necessary to establish 

more function-oriented methods (metagenomics, metatranscriptomics, metabolomics, and SIP 

experiments) for these research subjects in order to gain deeper insights into the functionality 

of microbial communities in the domestic environment and the variables that can have an effect 

on them. For example, metatranscriptomic methods should be used for the first time to study 

the "activity" of microorganisms on washed textiles and to determine whether there are 

differences in microbial gene expression between washed cotton and polyester fabrics. 

Metagenomic shotgun sequencing, on the other hand, should be used to investigate the impact 

of microwave treatment on community composition and metabolic gene potential in used 

kitchen sponges to determine the extent to which cleaning processes such as microwave 

treatment may have an impact on microbial diversity and whether metabolic capabilities differ 

between treated and untreated kitchen sponges 

Overall, new insights into important metabolic activities of microorganisms could be helpful in 

providing a scientific basis for the development of new and more sustainable strategies for 

household hygiene. 
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8. Preliminary experiments and unpublished results 
 

The processes underlying laundry odour formation are far from being fully understood, 

although this is a highly relevant problem in household laundry (Zinn et al. 2021). In order to 

deepen the knowledge of microorganisms involved in laundry odour formation and the negative 

odours associated with them, metabolomics and the RNA-SIP method were introduced here as 

new tools to study odour formation on textiles and in washing machines. 

 
 

8.1. SIP experiments 

 
The aim of the SIP experiments conducted here were to identify compounds that might serve 

as substrates for microorganisms on washed laundry, and subsequent malodour formation. To 

implement the RNA-SIP technology for laundry samples, unlabelled glucose and fully 13C- 

labelled glucose were used as cheap and easily available model substrates. 

 

To ensure optimal conditions for microbial growth, 120 cm2 cotton fabric samples were washed 

in a mild wash cycle with worn ballast laundry. After washing, fabric samples were incubated 

in a “wet chamber” for 48 h or 72 h to simulate retention in a washing machine. After 

incubation, the fabric pieces were cut into approximately 8 x 3 cm fabric strips with sterile 

scissors under sterile conditions and incubated in centrifuge tubes containing M9 minimal 

medium with 2 % of uniformly labelled 13C-glucose or unlabelled 12C-glucose for 2 h, 4 h, 6 h, 

8 h, and 24 h, respectively. Preliminary tests showed that only the 24 hour incubation provided 

a sufficient amount of RNA of about 100 ng/μl for ultracentrifugation. RNA from the 24 h 

incubation was extracted from the textile strips using a phenol/chloroform protocol and the 

RNA extraction protocol also used for the metatranscriptome analyses (Jacksch et al. 2021). 

Isopycnic ultracentrifugation of isolated RNA was performed in a caesium trifluoroacetate 

buffer without formamide (Weis et al. 2020). Initial tests showed RNA separation and thus a 

detectable density gradient of RNA by isopycnic ultracentrifugation, which should be further 

confirmed and investigated (Figure 7). Additionally, adding formamide to the gradient buffer 

might further enhance RNA denaturation in future experiments (Weis et al. 2020). Formamide 

is an effective denaturant at room temperature, which, according to spectroscopic criteria, 

inhibits both the base pairing and the stacking of the single strands (Pinder et al. 1974). 
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Figure 7. Density gradients and RNA contents of one of the washing experiments. RNA 

from textile samples was extracted after incubation in a wet chamber, incubated with unlabelled 

glucose and uniformly 13C-labelled glucose, respectively, and separated by ultracentrifugation 

using CsTFA density gradients, resulting in a density dependent distribution. After re-isolation 

of the RNA from the different fractions, the RNA content of these fractions was quantified by 

a low-range Ribogreen assay and given as relative RNA content. In this figure, a clear 

separation is visible, the 13C samples show a maximum RNA content at a density of 1.798 g/ml, 

whereas the RNA content of the 12C samples peaks 1.783 g/ml for sample 1 and 1.789 g/ml for 

sample 2. 

 
 

8.2. Metabolomics 

 
In order to characterise the metabolic properties of bacteria isolated from washing machines 

and washed laundry, an experiment was launched in collaboration with the Metabolomics group 

at Furtwangen University (Lars Kaiser, Hans-Peter Deigner). More specifically, four bacterial 

species (Micrococcus luteus, Pseudomonas oleovorans, Staphylococcus epidermidis, and 

Moraxella osloensis), previously identified as abundant bacterial representatives of washing 

machines, were selected (Jacksch et al. 2019; Jacksch et al. 2020). Reference strains from the 

DSMZ as well as washing machine isolates were used. The bacteria were incubated in rich LB 

medium or M9 minimal medium supplemented with 37.5 % detergent solution from a domestic 

washing cycle and 1 g/l casamino acids. The detergent solution was obtained from a short 

programme at a wash temperature of 40 °C with two to three kilogram mixed ballast load (T- 

shirts, jeans, underwear, and socks) using 30 to 40 ml liquid detergent and was subsequently 

sterile filtered before use. 
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Depending on the growth medium used, the mixtures were incubated for either 24 h (for LB 

medium) or 48 h (M9 medium) at room temperature until an increase in optical density was 

detectable. After centrifugation, the supernatants of the media were analysed using the 

“AbsoluteIDQ p180” kit from Biocrates (Innsbruck, Austria) on a 4000 QTRAP mass 

spectrometer (AB SCIEX LLC, Framingham, MA USA), connected to a NexteraXR HPLC 

(Shimadzu, Kyoto, Japan) to establish a metabolic profile. Preliminary data analyses suggest an 

increase and decrease of several metabolites compared to the reference medium without 

bacteria. Differences were also observed between DSMZ strains and environmental isolates 

from washing machine. Interestingly, metabolites with potential importance for odour 

formation, e.g. putrecine, phenylethylamine, and methionine sulphoxide, were detected. 

Moreover, it turned out that even the reference medium (M9 medium with detergent solution 

and without bacteria) already contained bad odour substances like methionine sulphoxide, 

which likely originated from the worn textiles or were produced during the washing cycle. 

 

 

 

Figure 8. Preliminary statistical analysis of the differences in metabolite composition of 

samples incubated in LB medium. The heat map shows changes in metabolite composition 

of the four test bacteria incubated with LB medium when statistically comparing all washing 

machine isolates and DSMZ strains using an empirical Bayes approach (Casella George 1985; 

Gotelli and Ulrich 2010). By that, a total of 26 metabolites with an absolute log fold change 

(LogFC) > 1 and an adjusted p-value < 0.05 can be identified from this data set. The LogFC 

represents the difference between the two logarithmised mean values. 
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9. Synoptic discussion of published results 

 
The aim of this thesis was to investigate changes in community composition and functionality 

(gene expression, metabolism) of microbial communities in different household environments 

under the influence of different consumer-induced variables, in order to better understand their 

potential role for household hygiene. The investigations were performed with various omics- 

methods, i.e. metataxonomics, metagenomic shotgun sequencing, and RNA sequencing using 

samples from objects with high hygiene relevance in typical households, namely washing 

machine, washed laundry, and used kitchen sponges. 

 
 

9.1 Microbial colonisation of washing machines 

 
In the first study on the microbial colonisation of washing machines (Jacksch et al. 2019), 21 

household machines in use were examined at various sampling sites (detergent drawer, door 

seal, sump, and fibres from the washing solution) using 16S rRNA gene pyrosequencing. A 

comparison of the different alpha diversity parameters for determining the structural diversity 

of individual sampling sites showed that the detergent drawer had the highest alpha diversity 

with a high evenness in contrast to the rubber door seal, which had the lowest alpha diversity 

with a relatively low evenness. Similar observations were made by a study conducted by Nix 

and colleagues, which also identified Proteobacteria, Actinobacteria, and Bacteroidetes as the 

main bacterial representatives in washing machines (Nix et al. 2015). In contrast to their study, 

which was limited to only two sampling sites (door seal and detergent drawer), we additionally 

analysed laundry fibres, collected from the detergent solution, and the sump and were able to 

identify Firmicutes and Acidobacteria as further members of the washing machine microbial 

community. 

 

Overall, with 229 species-like OTUs, the investigated washing machines showed a very diverse 

bacterial community that was mainly composed of typical aquatic bacteria, such as 

Pseudomonas, or skin bacteria such as Moraxella and Acinetobacter, both of which belong to 

the human skin microbiota (Al-Khoja and Darrell 1979; Kwon et al. 2011; McLellan et al. 

2015). These microorganisms have also been identified in other studies as the main 

representatives in washing machines and on washed laundry alongside Flavobacterium sp., 

Sphingomonas sp., Brevundimonas sp., and Enhydrobacter sp. (Babič et al. 2015; Callewaert 

et al. 2015; Nix et al. 2015). However, their relative abundance varies in the different studies, 

probably due to differences in methodology, but also due to the wealth of factors influencing 



84  

microbial colonisation in washing machines and on laundry, such as the user's microbiome, the 

used water source, or the applied washing conditions (Callewaert et al. 2015). 

 

Interestingly, the composition of the microbial community showed certain spatial patterns that 

probably depend on the prevailing conditions at each site (Babič et al. 2015; Callewaert et al. 

2015; Nix et al. 2015). This applies, for example, to Brevundimonas sp., which was more 

abundant in the detergent drawer in our study, probably due to its ability to survive at extreme 

pH and other unfavourable conditions, but also to withstand a medium dose of sodium 

percarbonate, which is used as an oxidizing agent in detergent powders (Dartnell et al. 2010; 

Pan et al. 2018; Savage et al. 2016; Toninelli 1978). In contrast, Moraxella and Acinetobacter 

sp. were relatively common on door seals, maybe due to their ability to tolerate desiccation, but 

less common in the detergent drawer, where the bacteria must be particularly tolerant to 

detergent ingredients such as bleach, surfactants, or fragrances (Jawad et al. 1998; Kubota et al. 

2012; Savage et al. 2016; Rojas-Herrera et al. 2015). The frequent occurrence of Moraxella sp. 

in the door seal could be particularly relevant for consumers, as Moraxella osloensis was linked 

to odour formation on laundry (Munk et al. 2001; Stapleton et al. 2013; Takeuchi et al. 2013). 

Hence, regular cleaning of the door seal might help preventing laundry and machine malodour 

formation. 

Another statistically significant correlation was shown between the average number of wash 

cycles per month at a temperature > 60 °C and the bacterial community composition. 

Interestingly, a higher number of hot wash cycles seemed to increase alpha diversity in the 

detergent drawer, but not at the other sampling sites. The temperature in the washing machine, 

however, is not evenly distributed throughout the machine due to the water flow and the position 

of the heating element, which is usually at the bottom of the washing drum (Bertocco et al. 

2020; Ortega et al. 2019; Volckmann-Kinzel 2008). Consequently, temperature probably has 

the greatest influence on the amount and diversity of microorganisms directly in the washing 

drum. In contrast, due to the limited heat transfer from the washing drum to the surrounding 

components (Bertocco et al. 2020), less heat reaches the detergent drawer and might even 

beneficially influence microbial diversity there. 

Apart from the sampling location and the number of washes per month at higher temperature, 

no other correlations were found for factors such as machine age, odour perception from the 

machine or the washed textiles, use of fabric softener, powder, or liquid detergents etc. Clearly, 

larger studies with more homogeneous datasets are needed to verify that such factors really do 

not influence microbial community composition in washing machines (Lemos et al. 2011). 
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However, molecular studies often have limited resolution in terms of taxonomic classification 

(Poretsky et al. 2014). During this thesis it also turned out that quantitative data on the microbial 

load of washing machines is scarce. So far, only Stapleton and coworkers reported the microbial 

load of different sampling sites, albeit only for four household washing machines (Stapleton et 

al. 2013). Therefore, we used classical cultivation to perform species-level analyses and to 

determine the actual microbial load of 10 washing machines at the detergent drawer and the 

rubber door seal (Jacksch et al. 2021). 

The quantitative data from this study showed that household washing machines are significantly 

contaminated with cultivable bacteria. Averaged over all sampling sites, microbial cell counts 

of ~ 21,000 colony-forming units (CFU) per cm2 were calculated. The lowest bacterial counts 

were found in the upper area of the rubber door seal, probably because water drains off very 

quickly here and is therefore no longer available for microbial growth. If water availability is 

reduced, a decrease in microbial growth rate and cell yield occurs (Sperber 1983). In contrast, 

at sampling sites with high water availability, such as detergent drawer chamber, detergent 

drawer, and the bottom part of the door seal, microbial counts were around 104 CFU/cm2. It is 

important to note, that our quantitative data regarding the door seal match those of Stapleton 

and co-workers quite well (~ 103 to 104 CFU/cm2). However, microbial counts for the detergent 

drawer differ (~ 101 to 103 CFU/cm2) (Stapleton et al. 2013). 

A subsequent MALDI-TOF-based identification of isolated microorganisms proved that, 

similar to our study in 2019 (Jacksch et al. 2019), the sampled microbial community was 

strongly dependent on the sampling site and composed of representatives of Proteobacteria, 

Actinobacteria, Bacteroidetes, and Firmicutes (Jacksch et al. 2019). With MALDI biotyping, a 

reliable identification of microorganisms on species level is possible, based on the protein 

fingerprints obtained from ribosomal proteins (Patel 2013; Wieser et al. 2012). However, 

identification of subspecies is more complex and needs a larger number of biomarkers that are 

not well represented in the commercially available databases (Croxatto et al. 2012). Here, the 

pathogenic potential of the identified microorganisms was evaluated (estimated) on species 

level using the classification into biosafety risk groups of the Federal Institute for Occupational 

Safety and Health (BAuA – German Federal Institute for Occupational Safety and Health 2015, 

2016). Based on this classification, it was revealed that more than 50 % of the identified species 

at each site were closely associated with risk group 2 organisms. Although these 

microorganisms pose little risk to the general public, they could pose a potential health risk to 

immunocompromised individuals, pregnant women, or the elderly (Fritz et al. 2018; Montville 
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2012). Furthermore, the high prevalence of risk group 2 organisms also underlines the hygienic 

importance of the detergent drawer compartment, which should therefore be cleaned regularly 

in addition to the rubber door seal. 

Our molecular and culture-dependent studies both consistently identified several 

microorganisms (Pseudomonas oleovorans, Acinetobacter parvus, Moraxella osloensis, 

Rhizobium radiobacter, Micrococcus luteus, and Staphylococcus epidermidis) as frequent 

washing machine colonizers. Due to their frequent occurrence in both studies, they can be 

considered as ideal model microorganisms to examine certain aspects of washing machine 

hygiene, e.g. to study biofilm or malodour formation in more detail. Each of the genera 

mentioned has the ability to form biofilms in different environments (Buswell et al. 1997; 

Drenkard and Ausubel 2002; Espinal et al. 2012; Fenner et al. 2019; O'Gara and Humphreys 

2001; Zhu et al. 2014). Furthermore, Moraxella osloensis, Micrococcus luteus, and 

Staphylococcus epidermidis have been associated with the development of malodour on laundry 

or washing machines (Callewaert et al. 2014; Chung and Seok 2012; Kubota et al. 2012; van 

Herreweghen et al. 2020; Zinn et al. 2021). 

 
 

9.2 Metatranscriptomic analysis of washed textiles 

 
With the study "Metatranscriptomic analysis of microbial communities on laundered textiles – 

a pilot case study" from 2021 (Jacksch et al. 2021), RNASeq was established for the first time 

in the field of washing machine and laundry hygiene and its data used to analyse gene 

expression on washed cotton and polyester fabric pieces. The main objective of this study was 

to gain a deeper understanding of the functionality and hygienic relevance of the laundry 

microbiota, especially in relation to the consumer-relevant problem of odour formation. 

The biggest challenge in this study was to extract sufficient mRNA for library preparation and 

subsequent RNA sequencing. As already mentioned, washing processes can massively reduce 

the bacterial concentration on textiles (three to six log levels) (Bloomfield et al. 2017). To 

overcome this, relatively mild washing conditions were used and the remaining microorganisms 

were allowed to multiply by incubation in a "wet chamber". Another challenge was that RNA 

is generally very sensitive to degradation which can affect RNA yield and quality (Arraiano et 

al. 2010). The washing machine environment with its ballast laundry, detergents, water etc. 

provides many resources for unwanted cellular material. Contaminants that have been shown 

to interfere with the successful extraction of undegraded RNA can be polysaccharides, 

enzymes, or secondary metabolites that mix with the RNA during cell lysis (Chen et al. 2000; 
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Chirgwin et al. 1979; Slater 1985). Similar problems have been observed in metatranscriptomic 

studies from other habitats (Carvalhais et al. 2012; Tveit et al. 2014). To avoid this, we used 

phenol with sodium dodecyl sulfate (SDS) in cell lysis to minimise RNA degradation, as both 

phenol and SDS are strong protein denaturants and inhibitors of RNases (Ghawana et al. 2011). 

After overcoming these challenges, mRNA could be successfully sequenced from all incubation 

samples and we were able to detect a wide range of Gene ontology (GO) terms from all three 

functional categories, indicating an active and diverse microbial gene expression on the textiles 

studied. In addition, a differential gene expression analysis showed that there were differences 

in gene expression between the individual tissue types. In total, differences in bacterial gene 

expression between cotton and polyester tissues were found for 17 genes, affecting various 

biochemical metabolic pathways such as amino acid transport or metabolism or bacterial 

carbohydrate metabolism. Significantly differentially expressed genes associated with bacterial 

carbohydrate metabolism such as "sucrose-6-phosphate hydrolase", suggests that the textiles, 

especially those made from natural organic fibres, might serve as a source of nutrients for the 

resident bacteria. Cotton, for example, is a plant fibre consisting mainly of cellulose, which 

must be broken down through hydrolytic enzymes to release glucose (Bhat and Bhat 1997). In 

contrast, however, polyester as a synthetic fibre is less susceptible to bacterial degradation 

(Callewaert et al. 2014; Szostak-Kotowa 2004). In the future, information about gene 

expression and the affected metabolic pathways could help to find solutions for consumer- 

relevant problems such as malodour or biodeterioration of textiles. Possible solutions might be 

new detergent formulations affecting microbial gene expression or special processing to make 

natural fibres less susceptible to bacterial decomposition (Sanders et al. 2021). 

Nevertheless, the approach described in our paper (Jacksch et al. 2021) is only a first step and 

several adjustments need to be made to increase the relevance to practice. For example, the mild 

washing conditions (mild and short programme (only 30 °C), light spin cycle, underdosed 

detergent) provided to promote microbial survival do not correspond to the conditions 

commonly used in practice when washing clothes in the machine, but rather to those of a hand 

wash. In addition, the protocol should be improved to further reduce the incubation time in the 

"wet chamber". In order to obtain meaningful statistical data, a larger number of samples, 

including samples from different washing machines, is required (Conesa et al. 2016; Kumar 

and Blaxter 2010; Martin and Wang 2011). Furthermore, the bioinformatic downstream 

analysis has to be adapted, since the ExN50 values show that the individual assemblies only 

provide an incomplete overview of bacterial gene expression, with a discrimination of the low 
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expressed genes (Sahraeian et al. 2017). This could possibly be remedied by merging the 

assemblies in order to include low expressed ones (Kumar and Blaxter 2010). Nevertheless, the 

assemblies produced were of good quality (good read representation, good BUSCO values) and 

thus definitely allow first insights into gene expression (Simão et al. 2015). In addition, despite 

different assembly strategies, the use of GO terminology achieved a high level of consistency 

that allows comparison with other metatranscriptome studies (Riesgo et al. 2012). 

 
 

9.3 Effects of microwave radiation on used kitchen sponges 

 
Kitchen sponges pick up and spread microorganisms on a massive scale, which can lead to 

cross-contamination of kitchen utensils, surfaces, and food (Nibedita et al. 2020). Simple 

sanitisation procedures should prevent this and allow the sponge to be used for a longer period 

of time (Ikawa and Rossen 1999; Rossi et al. 2012; Sharma et al. 2009). However, it is 

hypothesized that domestic cleaning and sanitisation methods might have negative side effects 

such as stimulation of malodour formation or the accumulation of potential pathogens (Foster 

2007; Kelley and Gilbert 2013). 

 

In our study (Jacksch et al. 2020), we used metagenomic shotgun sequencing to investigate how 

regular disinfection of used kitchen sponges by microwaving might affect the microbial 

community, as it is assumed that such methods might negatively affect microbial communities 

in the long term, e.g. by enriching human pathogenic microorganisms due to stress exposure 

(Foster 2007; Kelley and Gilbert 2013). We showed that regular sanitisation indeed exerted a 

selective pressure that influenced not only microbial community composition but also its 

genetic potential. The microwaved sponges tended to have a lower alpha diversity in 

community composition than untreated sponges, with a shift towards a dominance of 

Gammaproteobacteria, especially Acinetobacter, while Betaproteobacteria or Flavobacteriia 

decreased in their relative abundances. More importantly, possible pathogenic bacteria like 

Citrobacter, Salmonella, or Klebsiella, were also increasing in their relative abundance, which 

supports the hypothesis of accumulation of pathogenic bacteria due to stress exposure 

(Galhardo et al. 2007; Kelley and Gilbert 2013). 

 

Contrary to structural diversity, the functional diversity tended to increase when treated with 

microwave radiation. These results seem to confirm Foster's hypothesis that there are different 

adaptive responses to stress, which might increase genetic variability (Foster 2007). In our 

study, regularly sanitised sponges showed an increase in the SEED subsystems “regulation and 
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cell signalling”, “cell wall and capsule”, “sulphur metabolism”, “metabolism of aromatic 

compounds”, “nitrogen metabolism”, and “iron acquisition and metabolism”. Other 

subsystems, however, decreased in regularly sanitised sponges, such as “protein metabolism” 

or “clustering-based subsystems”. However, it is not clear whether these changes are triggered 

directly by thermal or non-thermal effects of microwave radiation, as reviewed by Jankovic and 

co-workers, or by changes in microbial community composition (Jankovic et al. 2014). 

 

Further closer examination of the significantly altered SEED subsystem “cell wall and capsule” 

at deeper levels suggested that microwave treatment may induce adaptive changes in biofilm 

formation, whose formation can be interpreted as a “protective clothing” to various 

environmental factors, such as heat or radiation (Yin et al. 2019). In fact, FISH images from a 

recent study by Cardinale and co-workers already suggested that the bacteria in kitchen sponges 

indeed form biofilms (Cardinale et al. 2017). The same study also suggested that regular 

cleaning increased the proportion of malodour forming bacteria (Cardinale et al. 2017). This 

might be reflected also in our study, where genes involved in “sulphur metabolism” were 

relatively enriched. 

 
 

9.4 General conclusions and outlook 

 
The main objective of the studies presented here was to gain a deeper understanding of how 

environmental factors shape microbial communities in domestic environments, using 

commonly used items in the domestic environment, namely washing machine, laundry, and 

kitchen sponges. 

 

In case of the washing machine, the studies presented show that these are highly contaminated 

household items that contain a diverse microbiota with more than 200 species of bacteria. Both 

our molecular and culture-dependent studies showed that bacterial diversity is highly site- 

dependent and shaped by local environmental conditions. More importantly, washing machines 

are significantly contaminated with cultivable bacteria, including a considerable amount of 

potentially pathogenic ones. Furthermore, we were able to show that an active bacterial 

community is present on washed cotton and polyester fabrics, showing a diverse bacterial gene 

expression, that differs between cotton and polyester fabrics. The differences found between 

the different textiles types were related to several metabolic pathways, such as carbohydrate 

metabolism. 
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In order to investigate the metabolic potential of the microbial community and to address 

hygienic and consumer-relevant problems such as odour formation, we started establishing 

additional methods such as metabolomics and RNA-SIP for even more functional 

characterisations. Because the formation of malodours on laundry and in the washing machine 

is a significant problem influenced by many factors, models close to practice are needed to 

study the development of odours (Zinn et al. 2021). In combination with such models, methods 

such as metabolomics and RNA-SIP appear as particularly important tools to provide new 

conclusions about possible sources of malodour precursors (Steuer et al. 2019). When used in 

the field of laundry and washing machine hygiene, however, these methods require further 

methodical adaptations. 

Nevertheless, initial indications were provided by our preliminary metabolome study in which 

we aimed to find out which of the selected bacteria (Micrococcus luteus, Pseudomonas 

oleovorans, Staphylococcus epidermidis, and Moraxella osloensis) are capable of producing 

malodorous substances under practical conditions. In this study it became apparent that washing 

water already contains substances, which can be associated with bad odours. They are probably 

already present on the laundry and released from the clothes during washing (Braga and 

Varesche 2014; van Herreweghen et al. 2020). Surprisingly, when incubated with typical 

washing machine bacteria, these compounds might also be used as a source of nutrients rather 

than only being formed. Clearly, further investigation is needed to find out how this relates to 

bad odour on laundry and in washing machines. Notably, if precursors of malodours or 

malodorous substances can be identified, they may be used as substrates in future RNA-SIP 

experiments to determine which microorganisms in the complex microbial community on 

laundry particularly assimilate these substances. 

To test the applicability of SIP, we incubated washed textiles with unlabelled 12C and labelled 

13C-glucose for 24 h. First results show detectable density differences between light and heavy 

RNA that need to be further confirmed and investigated. Clearly, further adaptation of the 

protocol is needed, e.g. regarding substrate concentrations and incubation times. In addition, 

the use of labelled substrates which are more specific to washing machines and laundry should 

be considered, such as tallow, dimethyl disulphides, isovaleric acid, or sweat compounds. Then 

also RNA-SIP might deliver valuable data to link the structure and function of microbial 

communities on washed laundry (Chen and Murrell 2010; van Herreweghen et al. 2020; Zinn 

et al. 2021). In general, SIP experiments have already been used in several other fields and can 

directly link metabolic functions to distinct members of a microbial community (Radajewski et 
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al. 2000). Additional mRNA sequencing could further reveal active metabolic pathways of the 

microbial community (Lueders 2018). 

 

With regard to the kitchen sponge metagenomic study, we were able to confirm that kitchen 

sponges are mostly colonised by bacteria, but sequences of viruses, archaea, and eukaryotes 

were also found, whose hygienic relevance still needs to be evaluated. Furthermore, it could be 

proven that microwave treatment has an influence on the microbial community. It was shown 

that kitchen sponges regularly disinfected in the microwave contained a reduced microbial 

alpha-diversity and higher proportions of genera that may have pathogenic potential, e.g. 

Acinetobacter, Enterobacter, and Pseudomonas. Microwave sanitization also increased the 

metabolic potential of the present microorganisms. 

 

It is important to mention that metagenomics shotgun sequencing can only assess the functional 

potential, but not whether such genes are actually expressed under the respective conditions 

(Campanaro et al. 2016). Thus, metatranscriptome studies should be the next step to assess 

whether these changes are likely to have an impact on household hygiene or human health. 

 

All in all, information on the metabolism of microorganisms in household appliances such as 

washing machines, laundry, or kitchen sponges can provide important insights into how 

microorganisms adapt and behave in the domestic environment. Such information will also aid 

the development of novel hygiene strategies with targeted efficacy and higher sustainability. 
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