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CHARACTERISTICS OF BIOLOGICAL 
PROCESSES INFLUENCED BY GUT BACTERIA

ABSTRACT

Introduction. Microbial community inhabiting gastrointestinal tract greatly 
outnumbers host cells and encodes hundreds-times more genes than human ge-
nome. Despite enormous qualitative and quantitative variation in human gut mi-
crobiota composition it shares surprisingly similar functional gene profi les. The 
similarity may refl ect its importance for adaptation to the ecological niche and 
for development of interactions with host. An impact of specifi c microbial strain 
on human health is mainly deduced from epidemiological data. However, there 
is still little evidence available on molecular background of the host-microbe 
interactions. 

Material and methods. Differentiated Caco-2 cells in culture were used as in 
vitro gut model. The enterocytes were stimulated with probiotic, commensal or 
pathogenic bacterial strains. Total RNA isolated from the epithelial cells was 
reverse-transcribed and investigated employing microarrays hybridization. Nor-
malysed microarray data was used to generate lists of differentially expressed 
genes, which were further analysed to recognise biological processes infl uenced 
by the bacteria used. For gene expression pattern comparisons an unsupervised 
hierarchical cluster analysis applying Euclidean distance measures was used. 
Data mining was performed exploiting KEGG pathways database and Gene 
Ontology annotations. Modulation of virus infection-related processes was ex-
amined using rotavirus infected Caco-2 cells. Rotavirus genome replication/
transcription and cellular genes expression in enterocytes treated with bacteria 
was analysed with RT-qPCR. Infected and/or bacteria treated cells’ health was 
investigated with apoptosis (caspase-3/7), cell viability and cytotoxicity assays. 

Results. Analysis of transcriptional responses to 6 single strains and 1 mix-
ture of probiotic, 3 single strains of commensal and pathogenic strains revealed 
a large variation in enterocytes’ response to bacteria (R2 ñ 0.66). Single mi-
croorganism was able to modulate 1.1 thousands of human genes on an aver-
age. For the 13 experimental conditions tested the total number of 10.7 thou-
sand genes were shown responsive to bacterial stimulation. The bacteria tested 
modulated up to 25% of the same genes. The KEGG pathway database search 
indicated that although the stimulation resulted in modulation of different genes 
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the gene products were involved in similar processes. Data mining using Gene 
Ontology annotations uncovered that the tested strains were able to signifi cantly 
modulate a total number of 1735 specifi c biological processes. Whereas single 
strain altered 169 biological processes on average. Considering enterocyte re-
sponses in specifi c categories of biological processes the expression pattern of 
genes showed similarity of up to R2 = 0.97. Number of biological processes 
recognised as overrepresented in a category indicated noteworthy action of spe-
cifi c bacterial strain. A category of virus infection-related biological processes 
was chosen for data mining results verifi cation. In this process E. coli Nissle 
1917 was proved to signifi cantly modulate biological processes involved in ro-
tavirus infection. The bacterial strain modulated expression of genes engaged in 
enterocyte’s innate anti-viral response leading to decrease of rotavirus genome 
replication/transcription. 

Conclusions. Employment of in vitro gut model of microbial-host interac-
tion followed by microarray gene expression analysis and further data mining 
proved to be effective in recognising biological processes infl uenced by bac-
teria. The presented research describes an universal experimental procedure to 
indicate specifi c biological processes infl uenced by analysed microbial strain. 
The experimental data showed that despite strain-specifi c enterocyte’s gene ex-
pression alternation the bacteria show convergence in modulation of specifi c 
biological pathways. Expanding annotation of human gene products may allow 
identifi cation of novel biological processes modulated by microbial community. 
Results of this research might facilitate strain characterisation and development 
of targeted probiotic therapeutics.

Key words: bacteria-host interaction, probiotic, gene expression, enterocyte, 
rotavirus
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CHARAKTERYSTYKA PROCESÓW BIOLOGICZNYCH 
MODULOWANYCH PRZEZ BAKTERIE JELITOWE

ABSTRAKT

Wprowadzenie. Mikroorganizmy zasiedlające układ pokarmowy znacznie prze-
wyższają liczebnością komórki wchodzące w skład organizmu człowieka. Ich 
genomy łącznie kodują setki razy więcej genów niż genom ludzki. Pomimo wiel-
kiej ilościowej i jakościowej różnorodności taksonomicznej mikrofl ory jelitowej 
człowieka charakteryzuje się ona zadziwiającą zbieżnością funkcji produktów 
genowych. Świadczy to o zakresie adaptacji do warunków panujących w zasie-
dlonej niszy ekologicznej i możliwości oddziaływań z organizmem gospodarza. 
Znaczenie poszczególnych mikroorganizmów dla zdrowia człowieka poznawane 
jest głównie na podstawie danych epidemiologicznych. Istnieje jednak niewiele 
dostępnych danych eksperymentalnych dotyczących molekularnego podłoża od-
działywań pomiędzy mikroorganizmami a gospodarzem. 

Materiał i metody. Zróżnicowane komórki Caco-2 w hodowli zostały wyko-
rzystane jako model in vitro nabłonka jelitowego. Enterocyty stymulowano 
szczepami bakterii probiotycznych, komensalnych i patogennych. Całkowite 
RNA izolowane z komórek nabłonkowych, po odwrotnej transkrypcji, podda-
no analizie mikromacierzowej. Uzyskane dane po normalizacji posłużyły do 
wygenerowania list genów różnicujących, które następnie wykorzystano do 
identyfi kacji procesów biologicznych modulowanych przez stosowane bakte-
rie. W porównaniu profi lów ekspresji genów posługiwano się nienadzorowaną 
hierarchiczną analizą skupień, stosując odległości euklidesowe. Eksplorację 
danych przeprowadzono, wykorzystując zasoby bazy danych szlaków meta-
bolicznych i regulatorowych KEGG oraz metasłownika ontologii genowych. 
Modulowanie procesów biologicznych związanych z infekcją wirusową badano 
z zastosowaniem infekcji komórek Caco-2 rotawirusem. Replikacja/transkryp-
cja genomu rotawirusa i ekspresja genów komórkowych w enterocytach stymu-
lowanych bakteriami była analizowana z wykorzystaniem techniki RT-qPCR. 
Stan komórek infekowanych wirusem i/lub stymulowanych bakteriami analizo-
wano testami określającymi aktywację kaspazy-3/7 (apoptoza), żywotność i cy-
totoksyczność komórek.

Wyniki. Analiza odpowiedzi transkrypcyjnej enterocytów na probiotyki (6 szcze-
pów i 1 mieszaninę) oraz po 3 szczepy komensalne i patogenne wykazała duże 
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zróżnicowanie (R2 ñ 0,66). Pojedynczy szczep modulował średnio 1,1 tysiąca 
ludzkich genów. Dla badanych 13 warunków eksperymentalnych całkowita licz-
ba genów regulowanych pod wpływem bakterii wynosiła 10,7 tysiąca genów. Ba-
dane bakterie modyfi kowały do 25% tych samych genów. Porównanie wyników 
z danymi zawartymi w bazie danych KEGG wykazało, że pomimo stymulacji 
różnych genów, ich produkty były zaangażowane w podobne procesy. Eksplo-
racja danych z wykorzystaniem metasłownika ontologii genowych dowiodła, że 
testowane szczepy bakterii modulowały 1735 różnych procesów biologicznych. 
Jednak pojedynczy szczep zmieniał średnio 169 procesów biologicznych. Profi le 
ekspresji grup genów w kontekście wybranych kategorii procesów biologicznych 
wykazywały korelację dochodzącą do R2 = 0,97. Liczba zmienionych procesów 
biologicznych przewyższająca średnią dla danej kategorii wskazała znaczną ak-
tywność badanych szczepów bakterii. Kategoria związana z infekcją wirusową 
została wybrana dla weryfi kacji wyników eksploracji danych. W tym procesie 
potwierdzono rolę stymu lacji E. coli Nissle 1917 w regulacji procesów związa-
nych z infekcją rotawirusową. Szczep ten modulował ekspresję genów enterocy-
tów, których produkty były zaangażowane w przeciwwirusową odpowiedź wro-
dzoną, prowadząc do zmniejszenia wydajności replikacji/transkrypcji genomu 
rotawirusa.

Wnioski. Zastosowanie modelu nabłonka jelitowego in vitro do badań oddzia-
ływań gospodarz-mikroorganizm z wykorzystaniem analizy mikromacierzowej 
i eksploracji danych umożliwia ukazanie procesów biologicznych modulowa-
nych przez bakterie. W prezentowanych badaniach przedstawiono procedurę 
eksperymentalną pozwalającą na wskazanie procesów biologicznych modulo-
wanych przez badany szczep. Wyniki opisanych badań wykazały, że pomimo 
specyfi cznych dla szczepu zmian ekspresji genów w enterocytach badane bak-
terie wpływały na te same szlaki procesów biologicznych. Rozszerzenie opisu 
funkcji ludzkich genów pozwoli na identyfi kację nowych procesów biologicz-
nych, na które wywiera wpływ mikrofl ora. Wyniki tych badań mogą ułatwić 
charakterystykę właściwości szczepów i rozwój ukierunkowanych terapii pro-
biotycznych.

Słowa kluczowe: oddziaływania bakterie-gospodarz, probiotyk, ekspresja ge-
nów, enterocyt, rotawirus
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Abbreviations

ADHD –  attention defi cit-hyperactivity disorder
BDNF – brain derived neurotrophic factor 
CCID50 – 50% cell culture infectious dose
cfu – colony forming units
CNS – central nervous system 
ELISA – enzyme-linked immunosorbent assay
GALT – gut-associated lymphoid tissue 
GF – germ-free
HDL – high-density lipoprotein
HHBSS – HEPES buffered Hank’s balanced salts solution
IFN – interferon
LDL – low-density lipoprotein
LPS – lipopolysaccharides
MOI – multiplicity of infection
N/A – not applicable
OD – optical density
PGN – peptidoglycans
pi – post infection
ROS – reactive oxygen species
SCFA – short chain fatty acids
SPF – specifi c pathogen free
T1D – type 1 diabetes, insulin-dependent
T2D – type 2 diabetes, insulin-independent
TEER – transepithelial electrical resistance
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1. Introduction

1.1. THE SUPERORGANISM

A human organism is inhabited by a diverse microbial community composed of 
mainly bacteria but also archea, fungi, protozoa and viruses. The sum of micro-
organisms that reside inside and on their host is called a microbiota. The human 
body provides a number of microenvironments for various microbial ecosys-
tems. The largest and the most numerously inhabited ecosystem is the lumen of 
the gastrointestinal tract. The gut environment dynamically responds to intro-
duced foods with accompanying microorganisms and drugs. It also depends on 
a physiological state of the host-person. Environment of the stomach and duo-
denum forms a barrier which is reducing the number and the diversity of micro-
organisms entering downstream into intestine. Many microorganisms adapted 
themselves to ecological niches formed in intestines where they have convenient 
conditions for multiplication up to 1012 cells per gram of intestinal content. The 
bacteria inhabiting our intestines (the gut microbiota) are no longer perceived as 
accidental and indifferent guests. In 2000, the Nobel Laureate Joshua Lederberg 
introduced the concept of the ‘superorganism’ to describe this intricate asso-
ciation of the host with its microbiota (Lederberg, 2000). The microbiota forms 
an additional organ supplementing processes encoded by the human genome 
(O’Hara and Shanahan, 2006). However, some normal fl ora bacteria, considered 
commensal, can act as opportunistic pathogens in cases of impaired immunity 
(Tenaillon et al., 2010). 

The total number of genes stored in the intestinal microbiome is estimated to 
be 360-times higher than the content of our genome. The Human Microbiome 
Project, launched in 2007, so far has explored the genomes of 600 reference 
microorganisms, 70 million of 16S rRNA coding sequences (used in molecular 
taxonomy of bacteria) representing thousands of species, 700 metagenomes and 
over 60 million of genes of microbiomes from healthy persons (Human Micro-
biome Project Consortium, 2012a; Markowitz et al., 2012).

It is estimated that human gut microbiome consists of over a thousand spe-
cies with approximately 160 species present in all tested specimens (Fig. 1). 
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Fig. 1. A taxonomic tree of an exemplary human gut microbiome (to genus level) of 
Bacteria (green), Archea (blue) and Eukaryota (beige) identifi ed by next-generation se-
quencing analysis by Hoffmann et al. (2013). The tree was generated using Interactive 
Tree of Life application (Letunic and Bork, 2011)
Ryc. 1. Drzewo taksonomiczne przykładowego ludzkiego mikrobiomu (do poziomu 
rodzaju) zawierające przedstawicieli bakterii, archeonów i eukariontów (zaznaczone 
kolorami – odpowiednio – zielonym, niebieskim i beżowym). Drzewo taksonomiczne 
zostało stworzone na podstawie danych z sekwencjonowania nowej generacji opubli-
kowanych przez Hoffmanna i in. (2013) z wykorzystaniem aplikacji Interactive Tree of 
Life (Letunic i Bork, 2011)
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Among these, from 75% to 82%, is expected to remain uncultivable. The abun-
dance of 57 dominant species is characterised by 12- to 2200-fold variation (Qin 
et al., 2010). Up to 90% of gut bacteria are members of two phyla: the Bacteroi-
detes (e.g. Bacteroides, Prevotella) and the Firmicutes (e.g. Clostridium, Ente-
rococcus, Lactobacillus, Ruminococcus), followed by the Actinobacteria (e.g. 
Bifi dobacterium) and the Proteobacteria (e.g. Helicobacter, Escherichia). The 
dominant groups consist of anaerobic bacteria, represented by the genera Bac-
teroides, Eubacterium, Bifi dobacterium, Peptostreptococcus, Ruminococcus, 
Clostridium and Propionibacterium, and sub-dominant bacteria of the Entero-
bacteriaceae family, especially Escherichia coli, and the genera Streptococcus, 
Enterococcus, Lactobacillus, Fusobacterium, Desulfovibrio and Methanobrevi-
bacter (Eckburg et al., 2005). 

A microbiome of an individual human organism is characterised by qualita-
tive and quantitative diversity that complements the genetic variability resulting 
from its genome. The establishment of the intestinal microbiota is a gradual pro-
cess. The increasing diversity of gut bacteria community is required for proper 
development of human organism and his overall health. A colonisation of the 
gastrointestinal tract begins in the fi rst hours after birth. The succession of mi-
crobes inhabiting the intestinal tract is most noticeable during early stages of 
infant development. It is most noticeable when feeding changes from breast- or 
formula-feeding to weaning and later during introduction of solid foods. In the 
fi rst year of life, the microbiota develops rapidly, but becomes more stable later 
on. The process is infl uenced by several factors such as: the manner of delivery 
(natural or by Caesarean section), the living environment microfl ora, gestational 
age and genotype of the infant (Martin et al., 2010; Reid et al., 2011; Shi and 
Walker, 2004). Diet, history of diseases and current illnesses, completed antibi-
otic therapies, and stress are other factors shaping the composition and diversity 
of the intestinal microfl ora (Mai, 2004). Antibiotics cause dramatic decline in 
abundance of specifi c groups, disturb the groups proportions and reduce overall 
bacterial diversity. Although the gut microfl ora subsequently recovers to resem-
ble the pretreatment state, the microbiota remains perturbed in some cases for 
up to four years after treatment (Jakobsson et al., 2010; Ladirat et al., 2013). The 
composition of intestinal microfl ora also changes signifi cantly with age. How-
ever, the age related differences are mainly manifested by differences in abun-
dance of particular microbial groups. The total bacterial count in infant feces is 
nearly ten-times lower in log10 values comparing to adults and seniors. The Bifi -
dobacterium genus represents a major fraction of the dominant bacterial species 
found in the infant fecal microbiota, which heavily outnumbers Firmicutes and 
Bacteroidetes. The fraction harbours an E. coli population at a level typical of 
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a dominant group (contrary to the level observed in adults). Clostridium leptum 
and Clostridium coccoides groups are only observed at a sub-dominant level 
in infants while they constitute one of the major dominant group in adults and 
elderly. In adults, the Bacteroidetes and Firmicutes are the most prevalent phyla 
present, with the C. leptum and C. coccoides groups belonging to the dominant 
group as well. The sub-dominant group consists of genera Lactobacillus and Bi-
fi dobacterium. Also E. coli is found to be in sub-dominant population in adults. 
Feces of the elderly show no signifi cant differences when compared with those 
of adults with the exception of C. leptum, and C. coccoides groups that decrease 
in number and E. coli, which as in infants, show counts characteristic of a domi-
nant group. The Firmicutes-to-Bacteroidetes ratio show signifi cant differences 
between infants and adults (0.4 and 10.9, respectively) and between adults and 
elderly (10.9 and 0.6, respectively). However, no signifi cant differences were 
found between infants and elderly (Mariat et al., 2009). 

Despite enormous complexity a preliminary metagenomic analysis showed 
that the human gut microbiomes separate into three robust clusters – entero-
types (Arumugam et al., 2011). Each of the three enterotypes was supposed to 
be identifi able by the relative enrichment and variation in the levels of one of 
three main genera: Bacteroidetes (enterotype 1), Prevotella (enterotype 2) and 
Ruminococcus (enterotype 3). This suggested the existence of a limited num-
ber of well-balanced host-microbial symbiotic states (Arumugam et al., 2011). 
However, more detailed study revealed that the microbiota form gradients and 
most people fall at the extreme ends of the gradient, defi ned by Bacteroides and 
Prevotella, respectively (Koren et al., 2013). Another study proposed that the 
enterotypes refl ect diet. The Bacteroides enterotype is associated with a high-fat 
or high-protein diet, while the Prevotella enterotype is associated with diet high 
in carbohydrates (Wu et al., 2011). Yet, another research indicated that a rural 
diet high in fi ber leads to dominance of Prevotella and Xylanibacter (belonging 
to Bacteroidetes) and depletion of Firmicutes. Whereas a western diet, high in 
animal protein, sugar, starch, and fat and low in fi ber, promotes Firmicutes and 
Bacteroides (De Filippo et al., 2010; Lozupone et al., 2012). Consumption of 
prebiotic inulin increases the levels of Faecalibacterium prausnitzii and Bifi do-
bacterium sp. (Ramirez-Farias et al., 2009), and diet supplemented with resist-
ant starch rises faecal levels of Ruminococcus bromii and Eubacterium rectale 
(Walker et al., 2011). The most recent study indicated that diet rapidly and re-
producibly alters the human gut microbiome. Consumption of animal-based diet 
results in enrichment of Alistipes, Bilophila, and Bacteroides, which are bile 
resistant taxa. Whereas plant-based diet results in increase of the abundance of 
saccharolytic microbes belonging to Eubacterium, Roseburia, and Ruminococ-
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cus, as well as F. prausnitzii (David et al., 2014). Although the bacterial com-
position changes in the individual, over 70% of the same strains can still be de-
tected after 1 year, and a core set remains constant over longer time scales (Faith 
et al., 2013). The intestinal microbiota composition maintains a subject-specifi c 
pattern for longer than a decade. The pattern is constituted by a core commu-
nity of permanent colonisers that resist various and aggressive environmental 
factors. The core consists of subject-specifi c phylotypes that include Allistipes, 
Bifi dobacterium, Bacteroides, Faecalibacterium, Blautia, Dorea and Rumino-
coccus. These bacteria are most likely to be found in any human indicating their 
pivotal role in the ecosystem and the host (Rajilić-Stojanović et al., 2012). Even 
though the microbiota show tremendous abundance diversity across individuals 
they have remarkably similar functional gene profi les (Human Microbiome Pro-
ject Consortium, 2012a). The similarities between microbiomes (collective gene 
profi les)  may refl ect importance of the gene-holders for their host. While the 
differences, which are in minority contribute, to changes in health status. 

Glycosaminoglycan degradation and the related uronic acid metabolism 
pathways are present in high abundance in the gut microbiota. These are in-
volved in animal proteoglycan (mucus) and indigestible dietary polysaccharides 
degradation for microbial carbohydrate utilization. Beta-glucuronidase, an en-
zyme engaged in the processes, is highly prevalent in the gut. The enzyme is 
involved in metabolism of both food matter and pharmaceuticals. This enzyme 
also links uronic acid metabolism with the rest of pentose and glucuronate pro-
cessing. Other highly enriched microbial metabolic activities are gluconeogen-
esis and 2-oxoglutarate:ferredoxin oxidoreductase, but also biosynthesis of fatty 
acids, proline, lipopolysaccharides, pantothenates, tetrahydrofolates, degrada-
tion of histidine, methionine, and vitamin B6- taurine and hypotaurine- metabo-
lism. These pathways are needed for microbial life within gut niches so they 
remain relatively stable (Abubucker et al., 2012). It was revealed that animal-
-based diet increased expression of bacterial genes for vitamin biosynthesis, 
degradation of polycyclic aromatic hydrocarbons and β-lactamase genes. The 
diet modulates expression of genes involved in amino acid metabolism and 
central metabolism, but also determines composition of short-chain fatty acids 
(SCFA) secreted by microbiota. Plant-based diet results in increased production 
of acetate and butyrate whereas animal-based diet of isovalerate and isobutyrate 
(David et al., 2014). Growing number of evidence suggests that richness of 
gut microbial genes and microbial composition inversely correlates with body 
weight, and metabolic markers (e.g. fat mass, glucose and lipid metabolism, 
infl ammation). The composition of gut microbial population (especially fi bre-
degrading and SCFA-producing bacteria) can determine the effi cacy of energy 
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harvest from food. On the other hand, a diet modifi cation changes the composi-
tion of the gut microbiota. 

Bacterial population in the human gut shows a bimodal distribution of genes. 
Individuals can be divided into “low gene count” (LGC) and “high gene count” 
(HGC) groups according to the number of genes present in their gut microbio-
ta and thereby different microbial communities. The groups have, on average, 
380,000 and 640,000 genes, and harbour less and more the rich microbiota, 
respectively. The two groups were found to differ signifi cantly in abundances 
of 120,723 genes, which could not be precisely assigned to a known bacterial 
genome. The LGC-individuals are characterised by higher weight-gain, adipos-
ity, insulin resistance and infl ammation, compared to HGC-individuals. Less di-
verse gut microbiota has been reported in infl ammatory bowel disease patients, 
elderly people with gut infl ammation and in obese individuals. Patients with 
LGC respond signifi cantly better to dietary intervention than those with HGC. 
The dietary intervention improves gut microbial richness and clinical results of 
the LGC patient. Interestingly, forty-six genera differed signifi cantly in abun-
dance between the LGC and HGC individuals. Although Bacteroides, Parabac-
teroides, Ruminococcus, Campylobacter, Dialister, Porphyromonas, Staphy-
lococcus and Anaerostipes were more dominant in LGC, 36 genera, including 
Faecalibacterium, Bifi dobacterium, Lactobacillus, Butyrivibrio, Alistipes, Ak-
kermansia, Coprococcus and Methanobrevibacter, were signifi cantly related to 
HGC. At the phylum level, a higher abundance of Proteobacteria and Bacte-
roidetes was observed in LGC individuals versus increased populations of Ver-
rucomicrobia, Actinobacteria and Euryarchaeota in HGC individuals (Le Cha-
telier et al., 2013; Cotillard et al., 2013). These data suggests that each person 
possesses a distinct and highly variable microbiota, although a conserved set of 
gut colonisers (the core gut microbiota) and genes (the core microbiome) are 
shared among individuals. The core set of microbes and genes may determine 
the proper functioning of the gut or even entire organism.

1.2. METABOLIC ACTIVITY OF GUT BACTERIA

The intestinal microbiota provides many metabolic services to the human body. 
The most important are the syntheses of vitamins (LeBlanc et al., 2013) and 
amino acids (Metges et al., 2006). Bile acids biotransformation provided by 
bacteria is signifi cantly linked to cholesterol and glucose metabolism. Further-
more, the gut microbiota not only regulates metabolism but also synthesis of 
bile acid (Hu et al., 2014; Sayin et al., 2013). Important contribution of the in-
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testinal bacteria metabolism to the functioning of the human organism is me-
tabolism of xenobiotics, which changes bioavailability of phytochemicals (e.g. 
polyphenols and alkaloids) and pharmaceuticals (Klünemann et al., 2014; Li 
and Jia, 2013). Enzymes provided by gut microorganisms allow fermentation 
of indigestible plant saccharides (oligo- and polysaccharides, like resistant 
starch and inulin) and mucus leading to generation of SCFA (e.g. acetic, bu-
tyric, lactic and propionic) and other metabolites (such as succinates, valerates 
and capronates). Fermentation products are adsorbed in large intestine together 
with resorbed salts and water. This way, the gut microbiota produces energy 
substrates for the host epithelium from indigestible dietary compounds. A vari-
ety of complex glycans are being degraded by bacteria mainly of Bacteroides, 
Prevotella, and Xylanibacter genera. However, Eubacterium, Faecalibacterium 
and Roseburia are recognised as the major butyrate producers. Recently dis-
covered Verrucomicrobia, which includes Akkermansia, which was found to be 
specialised in mucus degradation, is also an important acetate and propionate 
producer (Tremaroli and Bäckhed, 2012). Beyond their trophic function on the 
intestinal epithelium, SCFAs act as signaling molecules (Layden et al., 2013; 
Wong et al., 2006). There is an increasing number of evidence that gut micro-
biota not only help gain energy-nutrients from the diet, but also regulate energy 
storage by increasing lipogenesis (Cani and Delzenne, 2009). Animal studies 
indicate that gut microbiota contributes to higher energy availability to the host 
and increase its metabolism. Conventionally raised mice as compared to germ-
-free (GF) animals have higher levels of serum metabolites from glycolysis and 
the tricarboxylic acid cycle while levels of cholesterol and fatty acids were re-
duced. The microbiota modifi es a variety of lipid molecules in the serum, adipose 
tissue, and liver. Especially triglycerides and phosphatidylcholine molecules are 
affected (Velagapudi et al., 2010). Research of Bäckhed et al. (2007) indicated 
that germ-free C57BL/6J mice, in contrast to conventional mice, fed a high-fat 
and sugar-rich (“western”) diet failed to develop obesity or insulin resistance, 
thus supporting a role for gut bacteria in the development of diet-induced obe-
sity. In contrast, study of Fleissner et al. (2010) showed that germ-free C3H 
mice were not resistant to the obesigenic effects of high fat diet indicating that 
diet composition and/or genetic background infl uence the protection from diet-
induced obesity conferred by GF status (Shen et al., 2013). Studies on energy 
harvest in humans revealed that changes in dietary calorie load were associated 
with rapid alteration in the gut bacterial composition, especially in Firmicutes-
-to-Bacteroidetes ratio (Jumpertz et al., 2011). The gut bacteria ferment indi-
gestible polysaccharides into SCFAs which serve directly as energy substrates 
but also function as regulators of energy intake and energy metabolism (Conter-
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no et al., 2011) increasing host satiety and reducing food intake. The SCFAs are 
recognised by G protein-coupled receptors Free Fatty Acid Receptor-2 and -3 
(FFAR2, GPR43 and FFAR3, GPR41, respectively). The SCFA-signalling infl u-
ence the gut peptide hormones level causing increase of glucagon-like peptide-1 
(GLP1) and peptide YY (PYY), and decrease of ghrelin. It was also shown that 
appetite is affected through bacterial fl agellin recognised by Toll like Receptor-5 
(TLR5) involving  NFκB-signalling pathway (Shen et al., 2013). 

The closest insight in the role of the gut microbiota in metabolism is viewed 
through its involvement in metabolic disorders. The gut microbiota is involved 
in the control of energy metabolism (increasing energy storage) being a determi-
nant of body weight and the size of adipose tissue. Obesity is a complex medical 
condition associated with a number of other metabolic disorders characterised 
by chronic, systemic, low-grade infl ammation. One of them is metabolic endo-
toxemia, a common consequence of high-fat diet. It is a condition of elevated 
plasma levels of bacterial lipopolysaccharide (LPS), an endotoxin derived from 
the membrane of Gram-negative bacteria that reside in the gut. This is a result 
of passage of the bacterial cell fragments through the intestinal barrier into sys-
temic circulation, either through increase in intestinal paracellular permeability 
or through LPS internalisation by enterocytes followed by chylomicron secre-
tion (Boroni Moreira and de Cassia Goncalves Alfenas, 2012). The condition 
is accompanied by raised low-density lipoprotein (LDL)-to-high-density lipo-
protein (HDL) ratio (dyslipidemia). The lipoproteins are proposed to buffer 
LPS in response to septic shock, and trigger metabolic diseases (Serino et al., 
2009). Moreover, the gut microbiota has lower counts of Bifi dobacterium spe-
cies, which are known to strengthen mucosal barrier function against bacterial 
antigens (Shen et al., 2013). Lipopolysaccharides bind to toll-like receptor 4 and 
trigger infl ammation, but also alter several stages of insulin signalling (Boroni 
Moreira and de Cassia Goncalves Alfenas, 2012). This led to gain of whole body, 
liver and adipose tissue weights, adipose and liver infl ammation followed by 
fasted hyperglycemia and insulinemia (Shen et al., 2013). Another consequence 
of increased intestinal permeability is metabolic bacteremia. Amar et al. (2011a) 
showed that high-fat diet increase adherence of Gram-negative bacteria to the 
intestinal mucosa and facilitate transmucosal bacterial translocation. Later the 
same research group demonstrated that blood microbiota is mostly composed of 
the Proteobacteria phylum (85-90%) and such individuals have increased risk 
of developing the type 2 diabetes (T2D) and obesity (Amar et al., 2011b). 

The most recent research indicates a role of gut microbiota also in ather-
osclerosis (Brown and Hazen, 2014; Koeth et al., 2013) and type 1 diabetes 
(T1D) (Nielsen et al., 2014; Peng et al., 2014).
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1.3. ROLE OF GUT MICROBIOTA IN HOST PROTECTION

Many bacterial metabolites, such as SCFAs, bacteriocins and hydrogen perox-
ide provide antagonistic action against pathogenic bacteria. Also, competition 
for nutrients and adhesion space on epithelial cells surface plays a signifi cant 
role in defense against harmful microorganisms (Sekirov et al., 2010). However, 
protective functions of the gut bacteria are mainly displayed by their impact on 
the growth, maturation and activity of immune cells. These cells are numerously 
represented in the tissues forming gastrointestinal tract establishing an organ 
called gut-associated lymphoid tissue (GALT) (Forchielli and Walker, 2005; 
Koboziev et al., 2010). Mucosal immune system has to be tolerant towards the 
huge number of mutualistic microorganisms that reside in the intestinal lumen. 
Yet, it has to assure a benefi cial microbiota composition distinguishing and spe-
cifi cally eliminating pathobionts. At the same time it must restrict microbial 
overgrowth and react to penetrating microorganisms that breach the intestinal 
chemical and physical barriers. These barriers are composed of such factors as 
secreted soluble immunoglobulins A (sIgA), antimicrobial peptides (AMPs), the 
mucus layer, and the tightly interconnected enterocyte lining (Fig. 2).

The indigenous gut microbiota is considered to be a trigger stimulus leading 
to the generation of immuno-physiological response. The intestinal microbiota 
is indispensable for the myeloid and lymphoid cells to form organised lymphoid 
tissues and develop ability to produce secretory immunoglobulins (IgA) and in-
traepithelial CD8αβ lymphocytes. Homeostasis in the gut mucosa is maintained 
by a balance between potentially proinfl ammatory (TH1, TH17) and anti-infl am-
matory regulatory (Tregs) T cells. The impact of the gut microbiota extends over 
the immune system at a systemic level. A disturbance of gut microbiota contrib-
utes to systemic autoimmune and allergic diseases at sites distal to the intestinal 
mucosa (e.g. reduces the serum IgE-response, increase number of circulating 
CD4 T cells and circulating TH1 cell frequencies; Hooper et al., 2012).

The body’s protective mechanisms are also strengthened by microorganisms 
through intestinal barrier fortifi cation. This is accomplished by tightening of ep-
ithelial intercellular connections and changing the properties of secreted mucus 
(Lam et al., 2007; Putaala et al., 2008, Resta-Lenert and Barrett, 2003). A study 
involving conventional and germ-free animals indicated that microbiota induce 
a repair of damaged intestinal epithelium (Hooper et al., 2012).

The symbiotic nature of the intestinal host-microbial relationship depends on 
maintenance of homeostatic relationship between the parties. This is achieved 
through host control over microbiota localization and community composition. 
Mucus layer coating the intestinal epithelial cells, antibacterial proteins secreted 
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F ig. 2. Positive impact of normal gastrointestinal microfl ora on human health. The 
rounded rectangles represent the three basic sets of health-related activities of gut 
microbes: metabolic, protective and structural functions [according to Prakash et al. 
(2011), modifi ed]
Ryc. 2. Pozytywny wpływ mikrofl ory przewodu pokarmowego na zdrowie człowieka. 
Zaokrąglone prostokąty reprezentują trzy podstawowe zestawy aktywności drobno-
ustrojów jelitowych związanych z ochroną zdrowia: funkcje metaboliczne, ochronne 
i strukturalne [według Prakasha i in. (2011), zmodyfi kowana]

by them and IgA specifi c for intestinal bacteria (produced by plasma cells) func-
tion together to stratify luminal microbes and to minimize bacterial-epithelial 
contact (Hooper et al., 2012). One of the major functions of the immune system 
is a management of microbiota composition, diversity, and location (Costello et 
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al., 2012). However, the microbiota also spots its host making the host-microbes 
interaction is bidirectional. The bacteria eavesdrop on mammalian host signal-
ling systems such as neuroendocrine stress hormones for their successful adap-
tation and survival within the host (Karavolos et al., 2013).

Microbiota imbalance is considered to be a key factor in development of 
several diseases. It is believed to trigger infl ammatory signalling deregulation 
leading to the two main forms of infl ammatory bowel disease (Crohn’s disease 
and ulcerative colitis). The disease represents abnormal immune responses of 
the gastrointestinal tract associated with overproduction of pro-infl ammatory 
cytokines. An excess activation of immune system by microbial antigens is 
a predisposing factor leading to a T-cell-mediated autoimmune disease that re-
sults in destruction of the insulin-producing beta cells of the pancreas, known 
as insulin-dependent diabetes (T1D). The T1D is associated with increased in-
testinal permeability (leaky gut syndrome) and lymphocytic infi ltration in the 
mucosa. A highly proinfl ammatory substances such as lipopolysaccharides 
(LPS) and peptidoglycans (PGN) might be able to cross the epithelial barrier 
and reach the immune system to increase an infl ammatory response (Serino et 
al., 2009). 

Recently, the gut microbiota has been shown capable to modulate process-
es localized in distant tissues, such as intestinal angiogenesis (Reinhardt et al., 
2012) and bone-mass density (Sjögren et al., 2012).

1.4. MICROBIOTA IN GUT-BRAIN AXIS INTERACTION 

Recent studies have revealed a bidirectional communication between the cen-
tral nervous system (CNS) and the gastrointestinal system. This interaction is 
termed “gut-brain axis”. The communication is comprised of neural and hu-
moral pathways. These connect CNS through vagus and/or spinal afferents 
with enteric nervous system and involve cytokines, hormones, neuropeptides, 
and microbial bioactive substances signalling (Forsythe and Kunze, 2013). The 
majority of research data linking gut microbes with behaviour comes from ani-
mal studies indicating a role for the gut microbiota in the regulation of anxiety, 
mood, cognition, pain and appetite (Bercik et al., 2012; Cryan and Dinan, 2012; 
Norris et al., 2013). Several animal studies and clinical trials with probiotics 
indicated infl uence of gut microorganisms in visceral perception including pain. 
Although the mechanisms of action remain unknown in case of IBS patients, the 
pro- and anti-infl ammatory cytokine balance was improved. These data were 
obtained mainly with using strains belonging to Lactobacillus and Bifi dobacte-
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rium genera, however strains of E. coli, Enterococcus faecalis, and Bacteroides 
coagulans were also effective (Bercik et al., 2012). 

Even more intriguing are studies revealing infl uence of microbiota on ani-
mal behaviour. Commensal bacteria of fruit fl y (Drosophila melanogaster) are 
responsible for diet-induced mating preference of the fl y (Sharon et al., 2010, 
2011). The signalling initiates at peptidoglycan sensing receptor in the Droso-
phila gut (Royet and Charroux, 2013). The fruit fl y mating preference research 
indicates that potentially benefi cial bacteria lost by antibiotic treatment can be 
reintroduced to provide back a health benefi t or behaviour (Sharon et al., 2010, 
2011). Research of Goehler at al. (2008) on mice showed that the neural system 
can detect a change in the gut microbiota composition and can identify an oc-
currence of pathogen in the gut lumen. The studied animals displayed anxiety-
-like behaviour during the early phase of acute Camplyobacter jejuni infection. 
The pathogen triggered activity of vagal ascending pathways resulting in a spe-
cifi c activation of several brain regions already associated with anxiety-like 
behaviour. Another example comes from study on chronic Helicobacter pylori 
infection in mice. The infection led to abnormal feeding behaviour (in form of 
smaller but more frequent meals), as well as delayed gastric emptying and vis-
ceral sensitivity. This was shown to involve up-regulation of sensory nerves in 
the stomach and the spinal cord (Bercik et al., 2009). Moreover, it was shown 
that colonization by gut microbiota impacted mammalian brain development 
and subsequent adult behaviour. Germ-free (GF) mice displayed higher explora-
tory and lower anxiety-like behaviour than specifi c pathogen free (SPF) mice 
(Diaz Heijtz et al., 2011; Neufeld et al., 2011b). Similar fi ndings were drawn 
from studies on rats (Crumeyrolle-Arias et al., 2014). The effect of microbiota 
colonization of GF mice depends on microbiota composition. This assumption 
can be drawn from study where colonization of germ-free BALB/c mice with 
microbiota from NIH Swiss mice increased exploratory behaviour, whereas 
colonization of germ-free NIH Swiss mice with BALB/c microbiota reduced 
the behaviour. Changes in colonic microfl ora composition in SPF mice induced 
by non-absorbable antibiotics caused an increase in exploratory behaviour and 
altered brain derived neurotrophic factor (BDNF) levels in the hippocampus and 
amygdala (Bercik et al., 2011). The gut-brain interactions seem to be important 
to CNS development of stress systems as introduction of normal gut microbiota 
to the adult GF mice did not normalize the behavioural phenotype (Neufeld et 
al., 2011a). Monoassociation of germ-free BALB/c mice with Blautia coccoides 
reduced the anxiety level, but did not affect the locomotor activity. Whereas 
colonization with Bifi dobacterium infantis decreased the locomotor activity, but 
having no effect on the anxiety level (Nishino et al., 2013). Administration of 
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B. infantis (strain 35624) to rat pups in maternal separation model caused re-
duction of depression that was accompanied by restoration of basal noradrena-
line concentrations in the brainstem (Desbonnet et al., 2008, 2010). Yet another 
study on depression in mice showed that administration of Bifi dobacterium 
longum NCC3001 normalized the behaviour. However, Lactobacillus rhamno-
sus NCC4007 did not show such an effect (Bercik et al., 2010). Different study 
showed that strain JB-1 of L. rhamnosus was able to reduce anxiety- and depres-
sion-related behaviour (Bravo et al., 2011). 

These examples indicate that intestinal dysbiosis might contribute to psychi-
atric disorders in patients with gut disorders. There is an increasing evidence of 
a link between autism and abnormalities in gut microbial functions. Analysis of 
fecal DNA samples indicated that the presence of autistic symptoms was asso-
ciated with less diverse gut microbiomes. The autistic samples showed signifi -
cantly lower abundances of the genera Prevotella, Coprococcus, and unclassi-
fi ed Veillonellaceae – carbohydrate-fermenting bacteria (Kang et al., 2013), yet 
another study indicated lower levels of Bifi dobacterium spp. and higher levels 
of Lactobacillus spp. (Adams et al., 2011). As diet inevitably affects gut micro-
biota composition and there are numerous reports of diet altering various mani-
festations of psychiatric disorders, therefore, with no surprise we shall expect 
fi ndings on the microbiota involvement in schizophrenia, attention defi cit-hy-
peractivity disorder (ADHD), and other categories of Autistic Spectrum Disor-
ders (e.g. Asperger syndrome, Rett syndrome; Gonzalez et al., 2011).

Most of bacterial species reside in the lumen of the gastrointestinal tract, 
whereas fewer, but well-adapted species (e.g. Faecalibacterium prausnitzii, Ak-
kermansia muciniphila and several Bacteroides sp. and Ruminococcus sp.) ad-
here and reside within the mucus layer close to the gut tissue. The ability of mi-
crobes to bind to mucus increases their colonization capacity. Several benefi cial 
microbes display the ability for prolonged intestinal residency (including probi-
otic ones, like L. rhamnosus GG, L. plantarum WCFS1 or B. infantis; Ouwerkerk 
et al., 2013). This allows them for easier contact to enterocytes in the small in-
testine where mucus layer is permeable for bacteria. The mucus organisation of 
the distal large intestine forms two layers where inner one is bacteria impermeant 
(Johansson et al., 2011). However in case of several disorders (eg. ulcerative co-
litis) the inner mucus layer is broken or penetrable by bacteria (Jäger et al., 2013; 
Johansson and Hansson, 2013). Most recent research focuses on bacterial protein 
signals associated with diseased states (Juste et al., 2014). Recognition of direct 
infl uence of bacterial species on intestinal epithelium may provide guidance for 
development of modern pharmacological concept for using bacterial molecules/
lysates when application of live microorganism is contraindicated.
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Microbiota infl uences human organism through direct interaction of bacte-
rial cell with host cell (either enterocyte or immune cell e.g. dendritic cell) or 
through secreted products or metabolites (called postbiotics, e.g. SCFA, pep-
tides, exopolysaccharides). Some effects of bacteria on human organism may be 
mediated by direct interaction with intestinal cells, while other effects may be 
mediated indirectly via modulation of gut microbiota (Fig. 2). However, there 
are several in vitro actions of bacteria (mainly probiotic) which do not trans-
late into clinical effects and clinical observations which cannot be satisfactorily 
explained at the cellular level. There is a wide range of possible mechanisms 
which are only just being discovered and need further investigations. A large 
number of these mechanisms cannot easily be measured in humans for ethical 
or feasibility reasons. Thus an in vitro model provides a good solution to the 
problem.
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2. Scientifi c hypothesis

There is a growing number of evidence on biological processes that are infl u-
enced by gut bacteria. The bacteria from medical perspective are classifi ed into 
three major groups: probiotic, commensal and pathogenic. The boundaries of the 
groups are blurred. Some commensals in case of impaired immunity can act as 
pathogens. Whereas probiotic strains can be perceived as commensals with prov-
en health benefi ts. These health benefi ts need to be experimentally demonstrated, 
most preferably in clinical studies. This poses a bottle-neck in strain characteristic. 
Microarray gene expression studies give a broad view on cell responsiveness to 
certain stimulus. The technique is widely used to recognise differentially regulated 
genes. Further employment of data mining allows to identify biological processes 
that are infl uenced by the stimulus. Therefore adaptation of proper in vitro cellular 
model and use of microarray technique followed by bioinformatic analysis should 
allow to indicate biological processes infl uenced by specifi c microbial strain.

According to widely accepted defi nition probiotic is a live and well character-
ised mircoorganism. However, there are effective treatments involving use of dead 
bacteria, often in form of lysate. Therefore the aim of this study was to analyse an 
early impact of selected probiotic microorganisms, but also commensal and patho-
genic ones on intestinal epithelial cells’ gene expression, and to recognise biological 
outcomes of that modulation. The research concentrated on the early intestinal epi-
thelial cells’ responses to dissect reactions mediated by bacterial antigens (of pro-
teinaceous, lipopolysaccharide, peptidoglycan or exopolysacchardie nature) rather 
than by accumulation of common low-molecular-weight fermentation products. 

WORKFLOW

The research performed was organised into four parts (see diagram below). The 
host-microbe interaction was simulated in in vitro gut model where differentiat-
ed Caco-2 enterocytes were exposed to bacterial cells. To identify differentially 
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expressed genes in response to bacteria a global transcriptome investigation was 
performed using microarray hybridisation. Gene expression analysis was per-
formed on background corrected and normalised data to allow data mining for 
bacteria-mediated host biological processes. To validate characterised biological 
processes, a virus infection-related process was subjected to verifi cation.

In vitro
gut model

• Growth and differentiation of Caco-2 enterocytes
• Growth and preparation of bacterial cells
• Bacteria-enterocytes interaction assay

Microarray
hybridisa

tion

• Total RNA isolation and purification from Caco-2 cells
• Complementary DNA synthesis and fluorescent labeling
• Microarray hybridisation and fluorescence signal scanning

Microarray
data

analysis

• Background correction and normalisation of microarray data 
• Gene expression analysis
• Data mining

Data
validation

•Rotavirus infection assay
•RT-qPCR gene expression analysis
•Signalling pathway identification
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3. Materials and methods

3.1. MICROORGANISMS

In the presented studies microorganisms belonging to three functional groups: 
probiotic, commensal and pathogenic bacteria were used. The microorganisms 
used in this study are listed in Table 1.

T  able 1. Strains of microorganisms used in the study
Tabela 1. Szczepy mikroorganizmów stosowane w badaniach

Group Strain Source Designation

1 2 3 4

Probiotic
[prob]

Lactobacillus rhamnosus 
GG (ATCC 53103)

Dicofl or, Vitis Pharma, 
Poland

LGG

Bifi dobacterium animalis 
subsp. lactis BB12 

Linex Forte, Lek S.A., 
Poland

BB12

Lactobacillus acidophilus 
LA-5

Linex Forte, Lek S.A., 
Poland

Lc5

Lactobacillus plantarum 
PL02

Lactoral Junior, IBSS 
Biomed, Poland

mix 
(together 
with Lc5 and 
BB12)

Lactobacillus rhamnosus 
KL53A

Lactoral Junior, IBSS 
Biomed, Poland

Lactobacillus delbruecki 
subsp. bulgaricus LBY-27

Probiolac, Polfarmex S.A., 
Poland

Lactococcus lactis PB411 ProBacti 4 Enteric, 
ZiołoFarmacja Sp. z o.o., 
Poland

Lactobacillus casei Shirota Yakult, Holland LcS
Lactobacillus casei 
DN114001 

Actimel, Danone, Poland LcD
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Table 1 cont.

1 2 3 4
Escherichia coli Nissle 
1917 (DSM 6601, 
serotype O6:K5:H1)

Mutafl or, Ardeypharm, 
Germany

EcN

Commensal
[kom]

Bifi dobacterium animalis 
MK2

departmental cell culture 
collection

Ba

Bacteroides 
thetaiotaomicron ATCC 
29741

Oxoid, UK Bt

Peptostreptococcus 
anaerobius ATCC 27337

Oxoid, UK Pa

Pathogenic
[pat]

Salmonella enterica 
serovar Typhimurium 
(S. Typhimurium) ATCC 
14028

Oxoid, UK St

 Escherichia coli ATCC 
10536 (serotype O59:H21)

Oxoid, UK EcF

Escherichia coli O157:H7 
VT-negative (NCTC 
12900)

Sterbios, Poland EcOH

Human Rotavirus 
A G1P[8] strain RIX4414

Rotarix, GlaxoSmithKline, 
Poland

RV

In order to standardize the growth conditions, the strains were grown in 
glucose-free Brain and Heart Infusion broth (BTL) supplemented with fructoo-
ligosaccharides (2% w/v, Sigma-Aldrich) as the primary source of carbon. Ex-
cept for Peptostreptococcus anaerobius, which was grown in Wilkins-Chalgren 
broth (Oxoid). The cultures were incubated at 37°C for 18-20 hours under an-
aerobic conditions (85% N2, 10% CO2, 5% H2) obtained with use of Anoxomat 
Mark II System (Mart Microbiology BV). Bacterial cells were washed twice 
and resuspended in HHBSS buffer (HEPES buffered Hanks balanced salts solu-
tion), then an optical density of cell suspension was measured using wavelength 
of λ = 600 nm (OD600). The cell density was determined by means of OD-to-cfu 
dependency.
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3.2. RESEARCH MODEL BASED ON DIFFERENTIATED INTESTINAL EPITHELIAL 

CELL LINE CACO-2

Caco-2 cell line propagation and differentiation. The Caco-2 cell line was de-
rived from colon adenocarcinoma. The cell line is widely used as a model of the 
intestinal barrier in clinical pharmacology (Sambuy et al., 2005) and studies of ad-
hesion of microorganisms to the intestinal epithelium (Tuomola et al., 2001). The 
cells spontaneously differentiate and form a monolayer with many morphological 
and functional characteristics of mature enterocytes (Sambuy et al., 2005). Polari-
sation, development of the brush border and selective permeability obtained by 
the formation of close intercellular connections called tight junctions are typical 
attributes of functional intestinal epithelial cells. These attributes are displayed by 
differentiated Caco-2 cells. The cell line (ECACC Cat. No. 86010202; Sigma-Al-
drich) was subcultured in Dulbecco’s Modifi ed Eagle’s Minimal Essential Medium 
(Sigma-Aldrich) supplemented with: 2 mM Glutamine (Sigma-Aldrich), 1% Non-
-Essential Amino Acids (Sigma-Aldrich), and 10% Fetal Bovine Serum (Life Tech-
nologies). Cells were used between passage numbers 49 to 52. They were seeded 
in Millicell cell culture inserts (PTFE membrane, 0.4 μm pore size; Merck-Milli-
pore) at 4×105 cells/cm2 and cultured for 20 days with media changed every two or 
three days. The cells were being gradually adapted to buffering agent HEPES at the 
apical site and increased CO2 content in the atmosphere (fi nal concentrations: 25 
mM and 10%, respectively), beginning from the 14th day of culture differentiation. 

Bacterial stimulation of enterocytes. Bacterial cells were added to the api-
cal site of the differentiated Caco-2 cell monolayer at multiplicity of 1-to-300 
followed by incubation for 4 h at 37ºC, in 10% CO2 atmosphere (with HHBSS 
change after 2 h). 

Rotavirus infection. Fully differentiated Caco-2 cells were infected with at-
tenuated Human Rotavirus A G1P[8] strain RIX4414 (Rotarix vaccine, Glaxo-
SmithKline). The infection was done with dialyzed and trypsin activated virus 
(0.5 μg/ml trypsin in HBSS at 37°C for 1 h) at CCID50 = 0.5. In the postinfection 
treatment procedure the Caco-2 cells were infected with rotavirus for 4 hours then 
exposed to bacteria (in the same amount as described previously) for another 4 
hours (in total 8 hours-rotavirus and 4 hours-bacterial action). Also the Caco-2 
cells were exposed to bacteria for 4 hours and then infected with rotavirus fol-
lowed by 4 hours incubation (preinfection treatment, in total 8 hours-bacterial and 
4 hours-rotavirus action). Control cells were infected with rotavirus in the same 
regime  as described previously but not exposed to bacterial cells or exposed to 
bacteria but not infected with rotavirus. After total 8 hours of incubation the Caco-
-2 cells were used to isolate total RNA. For the study of viability, cytotoxicity and 
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apoptosis the cells were treated as described above but examined after 18 h. Three 
to four biological replicates were performed for each experimental condition.

3.3. ISOLATION AND PURIFICATION OF TOTAL RNA

The isolation of total RNA was performed using a modifi ed Chomczynski and 
Sacchi method using TRI Reagent solution (Sigma-Aldrich). Samples of total 
RNA were analysed spectrophotometrically using NanoDrop ND-1000 spectro-
photometer. The total RNA samples were DNase digested with TURBO free 
DNase Kit (Life Technologies). Purifi ed total RNA preparations were analysed 
qualitatively using Bioanalyzer 2100 (Agilent) automatic analyser to determine 
the degree of RNA integrity. All samples used for cDNA synthesis had the RIN 
values above 9.4. 

3.4. COMPLEMENTARY DNA SYNTHESIS AND FLUORESCENT LABELING, 

MICROARRAY HYBRIDISATION

Microarrays were hybridised with 1-2 μg of cDNA synthetised in reverse tran-
scription reaction with oligo(dT)20 primer using 20 μg of total RNA isolated 
from Caco-2 cells (control and bacteria treated). Complementary DNAs of the 
treated and control samples were two-colour fl uorescently labelled (AlexaFluor 
555 or AlexaFluor 647) using SuperScript Plus Indirect cDNA Labeling Sys-
tem (LifeTechnologies). A degree of label incorporation to cDNA samples was 
measured using NanoDrop ND-1000 spectrophotometer. The labelled cDNAs 
of Caco-2 cells after treatment with tested strains of bacteria and control cells 
were hybridised to Human Whole Genome OneArray microarrays (v. 4; Pha-
lanx Biotech). The microarray contains 32,050 oligonucleotides (30,968 human 
genome probes, and 1082 experimental control probes). Each probe is 60-mer 
oligonucleotide designed to hybridise to a specifi c target gene described in the 
current public domain content validated by the Human Genome Sequencing 
Project. Hybridisation was performed in automatic hybridisation station HybAr-
ray12 (PerkinElmer) under the following conditions: 
 • pre-hybridisation (1 hour in 5 × SSPE, 0.1% SDS, 0.1 mg/ml BSA at 42°C),
 • hybridisation (16 hours in SlideHyb Glass Array Hybridization Buffer #3 

(LifeTechnologies, Poland) at 42°C, 
 • three washes: (1st wash) 2 × SSC, 0.5% SDS (5 min, 42°C); (2nd wash) 0.5 × 

SSC, 0.5% SDS (5 min, 42°C); (3rd wash) 0.05 × SSC (1 min, at RT).
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Caco-2 cells transcriptome after interaction with bacterial cells (probiotic, 
commensal and pathogenic – the total of 13 strains) were analysed on microar-
rays in duplicate (26 microarrays). The duplicate was made with dye-swap to 
allow fl uorescence intensity compensation of both dyes.

Microarray images after hybridisation were acquired using a laser scanner 
ScanArray Express (Perkin Elmer) at 5 μm density in two channels for fl uores-
cence at 555 nm and 647 nm wavelengths. Quantitative analysis of fl uorescence 
intensity signals from microarrays was performed using GenePix Pro v. 6.0 soft-
ware (Axon Instruments Inc.). 

3.5. QUANTITATIVE RT-PCR ANALYSIS

To evaluate the level of selected human genes expression and rotavirus genome 
segments and transcripts amount, RT-qPCR assays were performed in biological 
triplicates of differentiated Caco-2 cells after contact with bacteria preinfected 
or postinfected with attenuated Human Rotavirus A G1P[8] strain RIX4414. Ro-
tavirus RNA segments analysis was performed with primers ( Table 2) designed 
with PriFi (Fredslund et al., 2005) based on DNA sequence alignments to select 
primers annealing sites to conservative motifs (for universal thermal conditions 
of Ta = 60°C and optimal amplicon length of 90 to 150 base pairs, where possi-
ble). Primers for human transcripts (Table S1) were selected from qPrimerDepot 
database (Cui et al., 2007), except for MAP3K1 (PrimerBank ID 153945764b1 
(Wang X. et al., 2012b)), and B2M, HPRT1, RPLPO, GAPDH, ACTB, TBP, 
RN18S1 (Lossos et al., 2003). The reaction condition was optimized for best 
performing qPCR master mix and primers concentration in universal thermal 
conditions. PCR effi ciencies were calculated from the slopes of standard curves 
(Pfaffl , 2001) for designed primer pairs and were found to be within the accept-
able range of E = 1.9-2.1. Total RNA (7.5 ng/μl of reaction mixture) was reverse 
transcribed with an oligo(dT) and random hexamer primer mix using High Ca-
pacity RNA-to-cDNA Kit (LifeTechnologies). Complementary DNA (0.02 μl of 
RT reaction/μl of qPCR reaction mix) was analysed using GoTaq qPCR Mas-
ter Mix (Promega) for human transcript analysis. Maxima SYBR Green qPCR 
Master Mix (Thermo Scientifi c) was used for quantifi cation of rotavirus targets. 
The Applied Biosystems 7500 System with 7500 Software v. 2.0.5 (Applied Bi-
osystems) was used for quantitative PCR. Primers for human genes transcripts 
were used at 0.15 μM each and for rotavirus segments at 0.2 μM each.
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3.6. ENTEROCYTES VIABILITY, CYTOTOXICITY AND APOPTOSIS ASSAY

Fully differentiated Caco-2 cells either infected with rotavirus and/or exposed to 
bacteria were tested for viability, cytotoxicity and apoptosis with ApoTox-Glo 
Triplex Assay (Promega). The assay determines viability and cytotoxicity by 
measuring two differential protease biomarkers simultaneously by addition of 
a single nonlytic reagent containing two peptide substrates. The live-cell pro-
tease activity is restricted to intact viable cells and is measured using a fl uoro-
genic, cell-permeant peptide substrate that enters intact cells. It is cleaved to 
generate a fl uorescent signal proportional to the number of living cells. The live-
-cell protease activity marker loses its activity upon loss of membrane integrity 
and leakage into the surrounding culture medium. A second, cell-impermeant, 
fl uorogenic peptide substrate is used simultaneously to measure dead-cell pro-
tease activity that has been released from cells that have lost membrane integ-
rity. The ratio of viable cells to dead cells is independent of cell number and, 
therefore, can be used to normalise data. The second reagent contains lumino-
genic DEVD-peptide substrate for caspase-3/7 and recombinant luciferase. Cas-
pase-3/7 cleavage of the substrate releases luciferin, which is a substrate for 
luciferase and generates light. The light output, measured with a luminometer, 
correlates with caspase-3/7 activation as a key indicator of apoptosis. For the cell 
viability, cytotoxicity and apoptosis studies Caco-2 cells were seeded (at 4×105 
cells/cm2 density) and grown and differentiated in 96-well-plate (BRANDplates 
cellGrade-premium, Millipore-Merck). The differentiated enterocytes were 
treated with selected bacterial strains and/or rotavirus as described previously. 
Viability, cytotoxicity and apoptosis of Caco-2 cells after 18 h of rotavirus in-
fection and/or bacterial treatment were tested as recommended by manufacturer. 
Briefl y – to each well containing cell monolayer in 100 μl of culture medium 
20 μl of Viability/Cytotoxicity Reagent was added, briefl y mixed and incubat-
ed in Thermomixer Comfort (Eppendorf; 400 rpm, orbital shaking, 30 sec and 
1 h at 37°C, respectively). Fluorescence was measured at two wavelength sets: 
400Ex/505Em (for Viability) and 485Ex/520Em (for Cytotoxicity). Then 100 μl of 
Caspase-Glo 3/7 Reagent was added to all wells, and briefl y mixed (in the same 
conditions as previously) and incubated for 1 h at 25°C, followed by lumines-
cence measurement (caspase activation, a hallmark of apoptosis). Fluorescence 
and luminescence intensities were measured in Infi nite M200 (Tecan) micro-
plate reader.
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3.7. REAL-TIME LABEL-FREE MONITORING OF CELL FATE 

Non-differentiated Caco-2 cells’ fate was analysed upon either infection with 
rotavirus or exposure to bacteria or both. The analysis determined changes in 
cells density, morphology, adhesion and cell-to-cell connections in real-time by 
dynamic measurement of electrode impedance. The Caco-2 cells were seeded 
(at 4×105 cells/cm2 density) on microelectronic biosensor plate equipped with 
electrodes on the surface of growth area (E-Plate 16, ACEA Biosciences). The 
enterocytes were treated with selected bacterial strains and/or rotavirus as de-
scribed previously. The electrodes allowed measurement of impedance in con-
tinuous regime and the readings were recorded by the xCelligence System 
equipped with RTCA DP Analyzer (ACEA Biosciences). Presence of the cells 
on top of the electrodes, adhesion to surface and changes in their morphology, 
as well as development of connections between cells affected local ionic envi-
ronment at the electrode/solution interface leading to an increase of the elec-
trode impedance (Atienza et al., 2006). 

3.8. PROCEDURES FOR DATA ANALYSIS: NORMALISATION AND 

DIFFERENTIAL ANALYSIS, IDENTIFICATION AND SELECTION OF BIOLOGICAL 

PROCESSES MODULATED UPON CONTACT WITH BACTERIAL CELLS

Numerical values of fl uorescence intensities were normalised and analysed for 
differential gene expression in Bioconductor package (Gentleman et al., 2004) 
running in “R” environment (http://www.r-project.org/). Normalisation elimi-
nates disturbances occurring in case of cDNA labelled with varying intensity 
(Siatkowski and Zyprych, 2008; Stępniak et al., 2008). Raw data (Fig. S1) was 
subjected to various combinations of pre-treatment processes including: back-
ground correction [“Normexp” (Ritchie et al., 2007)), within-slide normalisa-
tion (“Print-tip loess”; Smyth and Speed, 2003, Yang et al., 2002)), and between 
slide normalisation (“Aquantile”; Yang and Thorne, 2003)]. Comparison of the 
results of these combinations (Fig. S2-S6) shown that it was best to normal-
ise the data without background correction and normalisation between arrays. 
Therefore, the microarray datasets were subjected to within-slide normalisation 
only – “Print-tip loess” (Fig. S5). This technique uses the majority of genes for 
data normalisation. It is based on the two major assumptions: that most genes 
are not differentially expressed, and that there is approximately an equal number 
of up- and down-regulated genes (Smyth and Speed, 2003; Yang et al., 2002).
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Then, based on a linear model (“Limma”) an analysis of gene expression was 
performed to generate differential gene lists. For statistical analysis and assess-
ing differential expression, “Limma” uses an empirical Bayes method to moder-
ate the standard errors of the estimated log-fold changes. This results in more 
stable inference and improved power, especially for experiments with small 
numbers of arrays (Smyth, 2004, 2005). 

Cluster analysis. In order to obtain information about the similarity of in-
dividual transcriptomes of enterocytes in response to microorganisms a sample 
oriented cluster analysis was performed. For this purpose, the Cluster 3.0 pro-
gram (Human Genome Center, University of Tokyo) with “C Clustering” library 
version 1.5 (de Hoon et al., 2004) was used. Unsupervised hierarchical cluster 
analysis was applied based on the determination of the distance between clusters 
using average linkage (UPGMA, unweighted pair group method with averag-
ing) with the Euclidean distance as a measure of similarity between the expres-
sion datapoints. Cluster analysis of samples was performed on the full lists of 
genes or genes involved in a specifi c category of biological process. The analy-
sis uses the quotient value of log2(FC) and the weight factor (w) as an indicator 
of increased or decreased gene expression. Weighting factor was w = 1 for genes 
with p < 0.05, while for p ≥ 0.05 weight ratio was calculated on the basis of the 
p-value for a specifi c gene expression level (p) by the quadratic equation (1):

 w = a·p2 + b·p + c (1)
where:

a = − 84.21052632
b = 192.6315789
c = − 8.421052632

Such a conversion approached the log2(FC) value to zero with increasing p-val-
ue (decreasing statistical signifi cance). The result of the unsupervised hierarchi-
cal cluster analysis was returned in form of dendrogram of similarity. The end of 
each branch indicates a particular sample (experimental variant). The branches 
converge at the nodes, the lower a node is located the greater similarity between 
expression profi les of samples was calculated (correlation coeffi cient higher – 
ranging from 0 to 1). The two most diverging branches (having no node) sepa-
rate samples showing no correlation of gene expression profi le (correlation co-
effi cient R2 = 0).

Microarray data mining. Exploration of microarray data was carried out 
using the ErmineJ v. 2.1 program (Gillis et al., 2010; Lee et al., 2005) with the 
use of “Gene Score Resampling” (GSR) algorithm (Pavlidis et al., 2004). This 
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program performs analyses of large gene lists from gene expression profi ling 
data to determine functionally interesting patterns in the data. ErmineJ clusters 
genes in microarray analysis into functional groups on the basis of universal 
classifi cation and categorisation of biological processes, molecular function 
and cellular component in relation to the identifi ed gene products (based on the 
gene ontology; Ashburner et al., 2000). Gene ontologies (GO) are structured 
in a hierarchical manner, superior processes can group several thousand genes 
(e.g. regulation of metabolic process – GO:0019222 – 2894 genes), and detailed 
processes, at least two genes (e.g. heat generation – GO:0031649). In this way 
information on biological processes infl uenced by the test bacteria acting on 
enterocytes can be obtained. The complete list of genes with their p-values   of 
statistical signifi cance of their recorded expression level changes was subjected 
to further analysis. GSR uses all the gene scores for the genes in a biological 
process-gene set to produce a score for the biological process. This means that 
genes that do not meet a statistical threshold for selection can contribute to the 
score (Pavlidis et al., 2004).

Quantitative PCR data analysis. The relative fold change in human genes 
expression or amount of rotavirus segments and transcripts was calculated based 
on the relative comparative Ct (ΔΔCt) method (Schmittgen and Livak, 2008) 
using DataAssist v. 3.01 software (Life Technologies) based on a two-sample, 
two-tailed Student’s t-test with the RN18S1 selected as the most stable (ΔCt < 2) 
endogenous control gene.
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4. Results

4.1. GENE EXPRESSION RESPONSE TO BACTERIA STRAINS

In order to discover an early response of human intestinal epithelial cells to se-
lected bacteria strains the in vitro gut model based on differentiated Caco-2 cells 
was used. The Human Whole Genome OneArray (Phalanx Biotech) transcrip-
tome analysis microarrays were employed to investigate the mRNA obtained 
from Caco-2 cells before and after treatment with selected bacterial strains:
 • probiotic – L. rhamnosus GG (ATCC 53103), B. animalis subsp. lactis BB12, 

a mixture of strains (L. acidophilus LA-5, L. plantarum PL02, L. rhamnosus 
KL53A, L. delbruecki subsp. bulgaricus LBY-27, L. lactis PB411 and B. ani-
malis BB12), L. acidophilus LA-5, L. casei Shirota, L. casei DN114001, E. 
coli Nissle 1917,

 • commensal – B. animalis MK2, B. thetaiotaomicron ATCC 29741, P. anae-
robius ATCC 27337, and

 • pathogenic – S. Typhimurium ATCC 14028, E. coli ATCC 10536, E. coli 
O157:H7 (NCTC 12900).
This experiment allowed the identifi cation of a total number of approximate-

ly 10.7 thousand different genes undergoing differential expression (p < 0.05) in 
Caco-2 cells under the infl uence of the microorganisms used. However, a single 
microorganism infl uenced on average 1.1 thousand genes, with a maximum of 
2.8 thousand and a minimum of 380 genes in the case of L. acidophilus LA-5 
and E. coli ATCC 10536, respectively ( Table 3). 

Based on the linear model “Limma” an analysis of gene expression patterns 
was performed in order to search for differential genes common to the analysed 
groups of microorganisms (probiotics, commensal and pathogenic). This would 
allow a determination of species’ impact on human health. For this purpose, the 
individual microarray datasets of strains belonging to the specifi c group were 
treated as biological replicates. The results, with 14 (for probiotic), 6 (for com-
mensal) and 6 (for pathogenic) microarrays have revealed a large variation in 
response of enterocytes to different strains of the same group by giving small 
numbers of differentially expressed genes for a group (see  Table 3). 
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Table 3. Number of genes with statistically signifi cantly (p < 0.05) increased and decreased 
expression level in human enterocytes (differentiated Caco-2 cell monolayer) treated with 
selected strains of microorganisms
Tabela 3. Liczba genów o statystycznie istotnie (p < 0,05) podwyższonym lub obniżonym 
poziomie ekspresji w ludzkich enterocytach (zróżnicowanych komórkach Caco-2) po stymu-
lacji wybranymi szczepami mikroorganizmów

Group Strain [designation]
Number of differentially 

expressed genes (p < 0.05)
upregulated downregulated

Probiotic Lactobacillus rhamnosus GG 
(ATCC 53103) [LGG]

345 402

Bifi dobacterium animalis subsp. lactis 
BB12 [BB12]

257 292

Lactobacillus acidophilus LA-5 [Lc5] 1 564 1 299
mixture of:
Lactobacillus plantarum PL02
Lactobacillus rhamnosus KL53A
Lactobacillus delbruecki subsp. 
bulgaricus LBY-27
Lactococcus lactis PB411
Lactobacillus acidophilus LA-5
Bifi dobacterium animalis subsp. 
lactis BB12
[mix]

327 608

Lactobacillus casei Shirota [LcS] 289 349
Lactobacillus casei DN114001 [LcD] 477 451
Escherichia coli Nissle 1917 [EcN] 220 339
all probiotic together [prob] 43 207

Commensal Bifi dobacterium animalis MK2 [Ba] 363 226
Bacteroides thetaiotaomicron 
ATCC 29741[Bt]

993 1 217

Peptostreptococcus anaerobius 
ATCC 27337 [Pa]

746 934

all commensal together [kom] 26 55
Pathogenic Salmonella Typhimurium ATCC 14028 

[St]
553 619

Escherichia coli ATCC 10536 [EcF] 319 61
Escherichia coli O157:H7 (NCTC 
12900) [EcOH]

712 672

all pathogenic together [pat] 114 233
An average number of genes* 551 575

* Excluding group analysis (prob, kom, pat).
* Nie uwzględnia analiz grupowych (prob, kom, pat).
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Comparison of lists of genes with signifi cantly changed expression showed 
that the tested bacteria modulated from 1% to 25% of the same genes (7% on 
average; by analysing the percentage in relation to the whole list of genes modu-
lated by the microorganism; Table 4). These percentages refer to 13 and 137 
genes, respectively (with an average of 69 genes, Table S2). In the case of tran-
scriptomes modulated by bacteria moderating a long list of genes (e.g. L. acido-
philus LA-5 – 2863 genes and B. thetaiotaomicron ATCC29741 – 2210 genes , 
Table 3) the longest list of 397 joint differentially expressed genes gives a small 
percentage as compared to the whole lists (14% and 18%, respectively; Table 4).

Within the joint group of genes modulated by two compared bacteria strains 
from 23% to 98% of genes (average 64%) showed the same direction of chang-
es in expression. Such a comparison of responsomes to strains within probiotic, 
commensal and pathogenic group gave both maximum and average percentage 
of joint differentially modulated genes in the same pattern of: 91% and 66%, 
58% and 46%, and 82% and 72%, respectively (Table 4). This indicates that the 
highest consistency in joint differentially expressed genes in the same pattern 
remains within pathogenic strains and the most divergent are probiotic strains.

Comparison of groups revealed both maximum and average percentage of 
joint differentially modulated genes in the same manner at: 97% and 68% (pro-
biotic vs. commensal strains), 98% and 58% (probiotic vs. pathogenic strains), 
and 88% and 62% (commensal vs. pathogenic strains).

Lactobacillus acidophilus LA-5 and L. casei DN114001, in contrast to other 
probiotic strains, did not infl uence all genes commonly modulated by probiot-
ics in the same manner (95% and 80%, respectively; Table 4). The same can be 
observed for genes modulated by B. animalis MK2 (91%) in respect to genes 
commonly infl uenced by commensals. Only E. coli ATCC 10536 modulated all 
differentially expressed genes of enterocytes in the same pattern as for path-
ogens’ group. Lactobacillus casei Shirota and L. casei DN114001 infl uenced 
all the joint differential gene expression in the same fashion as compared to 
the commensal group. Lactobacillus acidophilus LA-5 displayed the smallest 
concordance (31%) of joint differentially expressed genes in comparison to the 
commensal group. Within the probiotic strains the B. animalis BB12 displayed 
the lowest similarity in the pattern of gene regulation of joint differential genes 
common with pathogens group (27%).

In order to determine similarities between transcriptomes of differentiated 
Caco-2 enterocytes exposed to bacteria strains an unsupervised hierarchical 
cluster analysis was applied. The analysis generated a dendrogram  (Fig. 3) dis-
playing similarities between bacterial strains infl uence on enterocytes’ whole 
genome activity. Euclidean distance was used as a measure of similarity. This 
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method clusters samples of similar shape or trend of gene expression profi le 
taking into account level of expression changes. Cluster analysis confi rmed, 
demonstrated earlier by the “Limma” linear model, a large variation in response 
of enterocytes to the bacteria tested. This is demonstrated by the long-drawn 
branches and high located nodes in the dendrogram  (Fig. 3).

The cluster analysis showed that the greatest similarity in transcriptional re-
sponse of differentiated Caco-2 enterocytes was observed in case of two strains 
of the B. animalis: BB12 and MK2 (marked  in Figure 3 as BB12 and Ba, respec-
tively). The correlation coeffi cient of expression pattern of all genes analysed for 
the two strains was R2 = 0.66. Whereas the response of enterocytes to the strains 
of E. coli: Nissle 1917, ATCC 10536 and NCTC 12900 (marked  on Figure 3 as: 
EcN, EcF and EcOH, respectively), and L. casei strains: DN114001 and Shirota 
(marke d on Figure 3 as LcD and LcS, respectively) showed more similarities 
to the response to other species tested than within the studied strains of fecal 
coliforms and L. casei. The profi le of gene activity in differentiated Caco-2 en-
terocytes after the stimulation with E. coli NCTC 12900 showed no correlation 
with gene expression profi les identifi ed in the remaining experimental variants.

Comparison of enterocytes’ responsomes did not show any considerable 
group of genes modulated by any collection of the bacteria tested. The list of 
all signifi cantly modulated genes by all the bacterial strain tested was analysed 
with Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway database 
(Kanehisa et al., 2012). The list was composed of over 6.2 thousand unique 
genes and over 2.6 thousands were modulated by more than one of the strains 
used. The KEGG Pathway database contained entries on only 2016 genes from 
the list which were assigned to pathway maps (Table S3). The highest num-
ber of genes (n = 370) were assigned to metabolic pathways map (KEGG id: 
hsa01100) indicating that the bacteria used modulate cell metabolism. Other tar-
gets were located in signal transduction pathway maps revealing that bacteria 
modify cell sensitivity and reaction to stimuli through changing expression of 
pathways’ components. The phosphatidylinositol 3’-kinase (PI3K)-Akt signal-
ling pathway had 125 members differentially expressed. The pathway is acti-
vated by many types of cellular stimuli or toxic insults. It regulates fundamental 
cellular functions such as transcription, translation, proliferation, growth, and 
survival. Signal molecules such as growth factors bind to their receptor tyrosine 
kinase (RTK) or G protein-coupled receptors (GPCR). This stimulates PI3K iso-
forms, that catalyse the production of phosphatidylinositol-3,4,5-triphosphate 
(PIP3), a second messenger that activate Akt. The Akt controls key cellular pro-
cesses by phosphorylating substrates involved in apoptosis, protein synthesis, 
metabolism, and cell c ycle (Fig. 4).
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F ig. 3. Dendrogram of the experimental variants determined by an unsupervised hierar-
chical cluster analysis using Euclidean distance measures in determining the global simi-
larity between the level of expression within all analysed genes. The compared transcrip-
tomes were of differentiated Caco-2 cells in response to microorganisms: L. rhamnosus 
GG ATCC 53103 (LGG), B. animalis BB12 (BB12), L. acidophilus LA-5 (Lc5), mix-
ture (mix) of selected strains (L. acidophilus LA-5, L. plantarum PL02, L. rhamnosus 
KL53A, L. delbruecki subsp. bulgaricus LBY-27, L. lactis PB411, B. animalis BB12), L. 
casei Shirota (LcS), L. casei DN114001 (LcD), E. coli Nissle 1917 (EcN), B. animalis 
MK2 (Ba), B. thetaiotaomicron ATCC 29741 (Bt), P. anaerobius ATCC 27337 (Pa), S. 
Typhimurium ATCC 14028 (St), E. coli ATCC 10536 (EcF), E. coli O157:H7 (EcOH)
Ryc. 3. Dendrogram podobieństwa ekspresji genów dla poszczególnych warunków eks-
perymentalnych uzyskany z zastosowaniem nienadzorowanej hierarchicznej analizy 
skupień i wykorzystaniem odległości euklidesowej przy określaniu globalnego podo-
bieństwa pomiędzy poziomem ekspresji wszystkich analizowanych genów. Porównano 
profi le ekspresji genów w zróżnicowanych komórkach Caco-2 po stymulacji: L. rham-
nosus GG ATCC 53103 (LGG), B. animalis BB12 (BB12), L. acidophilus LA-5 (Lc5), 
mieszaniną (mix) wybranych szczepów (L. acidophilus LA-5, L. plantarum PL02, L. 
rhamnosus KL53A, L. delbruecki subsp. bulgaricus LBY-27, L. lactis PB411, B. ani-
malis BB12), L. casei Shirota (LcS), L. casei DN114001 (LcD), E. coli Nissle 1917 
(EcN), B. animalis MK2 (Ba), B. thetaiotaomicron ATCC 29741 (Bt), P. anaerobius 
ATCC 27337 (Pa), S. Typhimurium ATCC 14028 (St), E. coli ATCC 10536 (EcF), E. 
coli O157:H7 (EcOH)
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The mitogen-activated protein kinase (MAPK) cascade had 88 members dif-
ferentially expressed in response to bac teria (Fig. 5). The signalling pathway is 
involved in cell proliferation, differentiation and migration in response to e.g. 
pro-infl ammatory stimuli. Human cells express at least four distinctly regulated 
groups of MAPKs: extracellular signal-related kinases (ERK)-1/2, Jun amino-
-terminal kinases (JNK1/2/3), p38 proteins (p38alpha/beta/gamma/delta) and 
ERK5. These are activated by specifi c MAPK kinases (MAPKKs). Each MAP-
KK, however, can be activated by more than one MAPKK kinase (MAPKKK), 
increasing the complexity and diversity of MAPK signalling.

The Rap1 signalling pathway controls diverse processes, such as cell adhesion, 
cell-cell junction formation and cell polarity. The pathway is centered over G pro-
tein, Rap1 that plays a dominant role in the control of cell-cell and cell-matrix in-
teractions by regulating the function of integrins and other adhesion molecules in 
various cell types. Rap1 also regulates MAP kinase (MAPK) and Act activity in 
a manner highly dependent on the context of cell types. Stimulation of enterocytes 
by bacteria used changed expression of 84 members of the p athway (Fig. 6).

The tested bacteria modulated also expression of 72 members of the Ras sig-
nalling pathway (involved in regulating cell proliferation, survival, growth, mi-
gration, differentiation or cytoskeletal dynamism), 59 members of the forkhead 
box O (FOXO) signalling pathway (involved in regulation of apoptosis, cell-
-cycle control, glucose metabolism, oxidative stress resistance, and longevity), 
and many other signal transduction pathw ays (see Table 5). Signalling pathways 
are complex network of interactions where stimuli from various sources are in-
tegrated. Microorganisms modulating expression of different counterparts of the 
same signalling pathway infl uence an effect of the same process (Gilbert, 2000).

The bacteria used for stimulation of Caco-2 cells infl uenced also expression 
of 80 gene products involved in regulation of actin cyto skeleton (Fig. 7) and 
closely related cellular processes like: focal adhesion, tight junctions, and adhe-
rens junction with 74, 58, and 31 genes modulated, respectively.

Beside signalling pathways and cellular processes the bacteria modulated 
genes were identifi ed in genetic information processing, organismal systems, 
and diseases. Altogether the KEGG database search revealed involvement of the 
bacteria modulated genes in many general and several disease molecular inter-
action pat hway maps (Table 5). This indicate that although the bacteria modu-
late different genes in strain specifi c fashion their action is aimed to similar host 
cell processes, as it was shown on exemplary pathway maps (Figs 4-7).

In analyses regarding lists of genes modulated by single strains of the bacteria 
used the commensals (B. thetaiotaomicron ATCC 29741 and P. anaerobius ATCC 
27337), and pathogens (S. Typhimurium ATCC 14028 and E. coli O157:H7) 
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F i g. 4. Pathway map of the phosphatidylinositol 3’-kinase (PI3K)-Akt signalling. Mem-
bers of the pathway which expression was modulated by specifi c group of bacteria used 
were coloured: green (probiotic), blue (commensal), red (pathogens), cyan (probiotic 
and commensal), yellow (probiotic and pathogens), pink (commensal and pathogens), 
and gray (probiotic and commensal and pathogens). For notation used in pathways maps 
see Figure S7 in supplementary materials
Ryc. 4. Mapa szlaku sygnalizacyjnego 3’-kinazy fosfatydyloinozytolu (PI3K) i seryno-
wo-treoninowej kinazy białkowej Akt. Składniki szlaku, których ekspresja była modu-
lowana przez bakterie z danej grupy, oznaczono kolorem: zielonym (probiotyki), nie-
bieskim (komensalne), czerwonym (patogeny), turkusowym (probiotyki i komensalne), 
żółtym (probiotyki i patogeny), różowym (komensalne i patogeny) i szarym (probiotyki, 
komensalne i patogeny). Oznaczenia stosowane na mapach zostały opisane na rycinie 
S7 w materiałach pomocniczych
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Fig . 5. Pathway map of the mitogen-activated protein kinase signalling. Members of the 
pathway which expression was modulated by specifi c group of bacteria used were col-
oured: green (probiotic), blue (commensal), red (pathogens), cyan (probiotic and com-
mensal), yellow (probiotic and pathogens), pink (commensal and pathogens), and gray 
(probiotic and commensal and pathogens). For notation used in pathways maps see Fig-
ure S7 in supplementary materials
Ryc. 5. Mapa szlaku sygnalizacyjnego kinazy aktywowanej przez mitogeny. Składniki 
szlaku, których ekspresja była modulowana przez bakterie z danej grupy, oznaczono 
kolorem: zielonym (probiotyki), niebieskim (komensalne), czerwonym (patogeny), tur-
kusowym (probiotyki i komensalne), żółtym (probiotyki i patogeny), różowym (komen-
salne i patogeny) i szarym (probiotyki, komensalne i patogeny). Oznaczenia stosowane 
na mapach zostały opisane na rycinie S7 w materiałach pomocniczych
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Fig.  6. Pathway map of the Rap1 signalling. Members of the pathway which expression 
was modulated by specifi c group of bacteria used were coloured: green (probiotic), blue 
(commensal), red (pathogens), cyan (probiotic and commensal), yellow (probiotic and 
pathogens), pink (commensal and pathogens), and gray (probiotic and commensal and 
pathogens). For notation used in pathways maps see Figure S7 in supplementary materi-
als
Ryc. 6. Mapa szlaku sygnalizacyjnego białka Rap1. Składniki szlaku, których ekspresja 
była modulowana przez bakterie z danej grupy, oznaczono kolorem: zielonym (probio-
tyki), niebieskim (komensalne), czerwonym (patogeny), turkusowym (probiotyki i ko-
mensalne), żółtym (probiotyki i patogeny), różowym (komensalne i patogeny) i szarym 
(probiotyki, komensalne i patogeny). Oznaczenia stosowane na mapach zostały opisane 
na rycinie S7 w materiałach pomocniczych
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Fig. 7. Pathway map of the regulation of actin cytoskeleton. Members of the pathway 
which expression was modulated by specifi c group of bacteria used were coloured: 
green (probiotic), blue (commensal), red (pathogens), cyan (probiotic and commensal), 
yellow (probiotic and pathogens), pink (commensal and pathogens), and gray (probiotic 
and commensal and pathogens). For notation used in pathways maps see Figure S7 in 
supplementary materials
Ryc. 7. Mapa szlaku regulacji cytoszkieletu aktynowego. Składniki szlaku, których eks-
presja była modulowana przez bakterie z danej grupy, oznaczono kolorem: zielonym 
(probiotyki), niebieskim (komensalne), czerwonym (patogeny), turkusowym (probioty-
ki i komensalne), żółtym (probiotyki i patogeny), różowym (komensalne i patogeny) 
i szarym (probiotyki, komensalne i patogeny). Oznaczenia stosowane na mapach zosta-
ły opisane na rycinie S7 w materiałach pomocniczych
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Table  5. List of selected pathway maps where at least 20 differentially expressed genes in-
volved in response to the bacteria used were identifi ed by KEGG database (Kanehisa and 
Goto, 2000). Number of genes identifi ed are given in parenthesis

Tabela 5. Lista map szlaków, w których co najmniej 20 genów różnicujących w odpowiedzi 
na bakterie zostało zidentyfi kowanych w zasobach bazy danych KEGG (Kanehisa i Goto, 
2000). Liczba zidentyfi kowanych genów różnicujących została umieszczona w nawiasach

Metabolism
Metabolic pathways (370), Purine metabolism (47), Carbon metabolism (43), Biosynthesis 
of amino acids (32), Glycerophospholipid metabolism (31), Pyrimidine metabolism (28), 
Metabolism of xenobiotics by cytochrome P450 (28), Oxidative phosphorylation (27), Glycolysis / 
Gluconeogenesis (22), Inositol phosphate metabolism (22), Glycerolipid metabolism (22), Drug 
metabolism – cytochrome P450 (20)

Genetic Information Processing
Protein processing in endoplasmic reticulum (56), Ubiquitin mediated proteolysis (53), RNA 
transport (46), Spliceosome (41), mRNA surveillance pathway (32)

Environmental Information Processing
PI3K-Akt signalling pathway (125), MAPK signalling pathway (88), Rap1 signalling pathway 
(84), Cytokine-cytokine receptor interaction (83), Ras signalling pathway (72), Chemokine 
signalling pathway (66), FoxO signalling pathway (59), Calcium signalling pathway (57), Hippo 
signalling pathway (55), Insulin signalling pathway (53), TNF signalling pathway (52), Jak-STAT 
signalling pathway (51), HIF-1 signalling pathway (47), Wnt signalling pathway (44), Thyroid 
hormone signalling pathway (43), ErbB signalling pathway (42), NF-kappa B signalling pathway 
(39), GnRH signalling pathway (35), TGF-beta signalling pathway (33), Phosphatidylinositol 
signalling system (31), ECM-receptor interaction (26), mTOR signalling pathway (25), VEGF 
signalling pathway (25), p53 signalling pathway (23), PPAR signalling pathway (20)

Cellular Processes
Regulation of actin cytoskeleton (80), Focal adhesion (74), Endocytosis (71), Tight junction 
(58), Cell adhesion molecules (CAMs) (48), Cell cycle (47), Phagosome (46), Lysosome (44), 
Apoptosis (34), Adherens junction (31), Peroxisome (26), Ribosome (25), Gap junction (25)

Organismal Systems
Leukocyte transendothelial migration (43), Toll-like receptor signalling pathway (43), 
Infl ammatory mediator regulation of TRP channels (34), Protein digestion and absorption (28), 
RIG-I-like receptor signalling pathway (26), NOD-like receptor signalling pathway (22), Antigen 
processing and presentation (22), Mineral absorption (21)

Human Diseases
Pathways in cancer (115), Proteoglycans in cancer (92), Viral carcinogenesis (78), Transcriptional 
misregulation in cancer (73), Herpes simplex infection (67), MicroRNAs in cancer (67), Hepatitis 
B (65), Epstein-Barr virus infection (64), Infl uenza A (60), Tuberculosis (58), Hepatitis C (57), 
Chagas disease (American trypanosomiasis) (44), Measles (43), Toxoplasmosis (43), Amoebiasis 
(39), Salmonella infection (36), Pertussis (34), Bacterial invasion of epithelial cells (29), 
Leishmaniasis (27), Epithelial cell signalling in Helicobacter pylori infection (31), Staphylococcus 
aureus infection (26), Colorectal cancer (26), Chemical carcinogenesis (26), Shigellosis (25), 
Infl ammatory bowel disease (IBD) (21)
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modulated the highest number of genes assigned to KEGG pathway maps. Inter-
estingly commensal B. animalis MK2 and pathogenic E. coli ATCC 10536 modu-
lated the smallest number of genes annotated in the KEGG pathway maps.

The KEGG is a collection of manually curated databases. Therefore the amount 
of interactions it contains is limited. To further characterise general differences and 
similarities between the transcriptomes of the differentiated Caco-2 cells exposed 
to selected bacterial strains the GO slim terms of the complex Gene Ontology an-
notations (Ashburner et al., 2000) were used ( Table 6). Signifi cant over- and under-
representation of GO slim terms in the comparison of the 13 analysed strains were 
determined by a Grubbs’ test (Grubbs, 1969) on percentages of differential genes 
within each GO Slim term. The analysis was performed for total percent of differ-
ential genes within each GO Slim term, and separately for percent of up- and down-
regulated genes to see whether any of the strains modulate genes in different propor-
tions. Among the strains tested three showed a derogation from the general trend. 
The most divergent response was observed in case of E. coli Nissle 1917 treatment. 
The strain was causing modulation of genes in elevated number in GO slim terms 
associated with regulation and transcription like ‘biological regulation’, ‘response 
to stimulus’, ‘nucleic acid binding’, ‘transcription regulator activity’, ‘nucleus’, and 
‘cellular component organisation’. Within those terms signifi cantly overrepresented 
were down-regulated genes involved in nucleic acid binding and up-regulated genes 
engaged in transcription regulator activity. Overrepresented GO Slim terms in the 
group of genes with up-regulated expression were implicated in ‘multi-organism 
process’ and ‘chromosome’. Also ‘ion binding’ and ‘oxygen binding’ GO Slim 
terms regarding downregulated genes were overrepresented  (Table 6).

Another strain that triggered deviation from the global trend in enterocyte 
gene expression in comparison to other strains was E. coli ATCC 10536. The 
strain modulated signifi cantly smaller percentage of genes associated with endo-
some and down-regulated genes associated with cytoskeleton (underrepresenta-
tion in GO slim terms). Together with over-representation of up-regulated genes 
involved in ‘cell projection’  (Table 6) those terms indicate infl uence of the strain 
on cellular architecture. Moreover it triggered overrepresentation of up-regulat-
ed genes related to ‘hydrolase activity’ and ‘electron carrier activity’ indicating 
its activity on metabolic processes. It also caused overrepresentation of up-reg-
ulated genes and underrepresentation of down-regulated genes in GO slim term 
of ‘cell communication’ (keeping the total number of differential genes related 
to this term within total range). Overrepresentation of down-regulated genes re-
lated to ‘chromosome’ was also associated with action of this strain. The E. coli 
ATCC 10536 caused up-regulation of signifi cant number of unclassifi ed genes 
indicating that the strain may hold properties so far unidentifi e d (Table 6). 

Marcin_Schmidt.indd   51Marcin_Schmidt.indd   51 2015-03-09   12:10:362015-03-09   12:10:36



52

G
O

 S
lim

 te
rm

Pe
rc

en
ta

ge
 o

f u
p-

re
gu

la
te

d 
ge

ne
s i

n 
a 

te
rm

Pe
rc

en
ta

ge
 o

f d
ow

n-
re

gu
la

te
d 

ge
ne

s i
n 

a 
te

rm
pr

ob
io

tic
co

m
m

en
sa

l
pa

th
og

en
ic

LG
G

B
B

12
Lc

5
m

ix
Lc

S
Lc

D
Ec

N
B

a
B

t
Pa

St
Ec

F
Ec

O
H

1
2

3
4

5
6

7
8

9
10

11
12

13
14

15
m

et
ab

ol
ic

 
pr

oc
es

s
13

.6
5

20
.7

5
18

.0
3

17
.1

2
17

.5
3

24
.6

2
10

.7
23

.6
4

13
.6

4
19

.9
1

15
.8

4
16

.3
8

17
.7

1
29

.1
6

19
.8

6
14

.0
9

18
.9

6
16

.2
9

13
.6

9
19

.9
4

17
.2

4
16

.0
4

20 8.
16

17
.7

21
.7

5

Ta
bl

e 
6.

 P
er

ce
nt

ag
es

 o
f d

iff
er

en
tia

lly
 e

xp
re

ss
ed

 g
en

es
 (u

pr
eg

ul
at

ed
 –

 to
p 

in
 a

 c
el

l, 
do

w
nr

eg
ul

at
ed

– 
bo

tto
m

 in
 a

 c
el

l) 
in

 C
ac

o-
2 

en
te

ro
cy

te
s 

un
de

r t
he

 in
fl u

en
ce

 o
f t

es
te

d 
m

ic
ro

or
ga

ni
sm

s 
as

 c
at

eg
or

is
ed

 b
y 

G
O

 S
lim

s. 
Th

e 
G

O
 S

lim
s 

gi
ve

 a
 b

ro
ad

 o
ve

rv
ie

w
 o

f t
he

 o
nt

ol
og

y 
co

nt
en

t 
w

ith
ou

t t
he

 d
et

ai
l o

f t
he

 sp
ec

ifi 
c 

fi n
e 

gr
ai

ne
d 

te
rm

s. 
Th

e 
ba

ct
er

ia
l s

tra
in

s u
se

d 
in

 th
e 

st
ud

y 
w

er
e 

de
si

gn
at

ed
: L

G
G

 –
 L

. r
ha

m
no

su
s G

G
 A

TC
C

 
53

10
3,

 B
B

12
 –

 B
. a

ni
m

al
is

 B
B

12
, L

c5
 –

 L
. a

ci
do

ph
ilu

s L
A

-5
, m

ix
 –

 m
ix

tu
re

 o
f s

el
ec

te
d 

st
ra

in
s (

L.
 a

ci
do

ph
ilu

s L
A

-5
, L

. p
la

nt
ar

um
 P

L0
2,

 
L.

 rh
am

no
su

s K
L5

3A
, L

. d
el

br
ue

ck
i s

ub
sp

. b
ul

ga
ri

cu
s L

B
Y-

27
, L

. l
ac

tis
 P

B
41

1,
 B

. a
ni

m
al

is
 B

B
12

), 
Lc

S 
– 

L.
 c

as
ei

 S
hi

ro
ta

, L
cD

 –
 L

. c
as

ei
 

D
N

11
40

01
, E

cN
 –

 E
. c

ol
i N

is
sl

e 
19

17
, B

a 
– 

B.
 a

ni
m

al
is

 M
K

2,
 B

t –
 B

. t
he

ta
io

ta
om

ic
ro

n 
AT

C
C

 2
97

41
, P

a 
– 

P.
 a

na
er

ob
iu

s A
TC

C
 2

73
37

, S
t 

– 
S.

 T
yp

hi
m

ur
iu

m
 A

TC
C

 1
40

28
, E

cF
 –

 E
. c

ol
i A

TC
C

 1
05

36
, E

cO
H

 –
 E

. c
ol

i N
C

TC
 1

29
00

. S
ig

ni
fi c

an
t o

ve
r- 

an
d 

un
de

r-r
ep

re
se

nt
ed

 g
en

es
 

in
 G

O
 sl

im
 te

rm
s w

er
e 

de
te

rm
in

ed
 b

y 
se

le
ct

in
g 

ou
tli

er
s i

n 
pe

rc
en

ta
ge

s o
f d

iff
er

en
tia

l g
en

es
 b

y 
a 

G
ru

bb
s’ 

te
st

 re
ga

rd
in

g 
pe

rc
en

ta
ge

 o
f t

ot
al

 
di

ffe
re

nt
ia

l g
en

es
 in

 a
 c

at
eg

or
y 

(in
di

ca
te

d 
by

 d
ou

bl
e-

lin
ed

 c
el

l b
or

de
r)

 o
r i

n 
se

pa
ra

te
 c

al
cu

la
tio

ns
 o

f u
p-

 a
nd

 d
ow

n-
re

gu
la

te
d 

ge
ne

s p
er

ce
nt

-
ag

es
 (i

n 
bo

ld
 n

um
be

rs
). 

Th
e 

to
ta

l n
um

be
r o

f d
iff

er
en

tia
lly

 e
xp

re
ss

ed
 g

en
es

 is
 sh

ow
n 

in
 T

ab
le

 S
4

Ta
be

la
 6

. O
ds

et
ek

 g
en

ów
 r

óż
ni

cu
ją

cy
ch

 (
p 

< 
0,

05
, o

 p
od

w
yż

sz
on

ej
 e

ks
pr

es
ji 

– 
gó

rn
y 

w
ie

rs
z 

w
 k

om
ór

ce
, o

 o
bn

iż
on

ej
 e

ks
pr

es
ji 

– 
do

ln
y 

w
ie

rs
z 

w
 k

om
ór

ce
) 

sk
la

sy
fi k

ow
an

yc
h 

w
 k

at
eg

or
ia

ch
 o

kr
eś

le
ń 

G
O

 S
lim

. O
kr

eś
le

ni
a 

G
O

 S
lim

 d
aj

ą 
og

ól
ny

 p
og

lą
d 

na
 p

ow
ią

za
ni

a 
ge

nó
w

 
z 

pr
oc

es
am

i (
on

to
lo

gi
e)

. S
zc

ze
py

 b
ak

te
rii

 s
to

so
w

an
e 

do
 s

ty
m

ul
ac

ji 
ko

m
ór

ek
 C

ac
o-

2 
m

aj
ą 

na
st

ęp
uj

ąc
e 

oz
na

cz
en

ia
: L

G
G

 –
 L

. r
ha

m
no

su
s 

G
G

 A
TC

C
 5

31
03

, B
B

12
 –

 B
. a

ni
m

al
is

 B
B

12
, L

c5
 –

 L
. a

ci
do

ph
ilu

s 
LA

-5
, m

ix
 –

 m
ie

sz
an

in
a 

w
yb

ra
ny

ch
 s

zc
ze

pó
w

 (L
. a

ci
do

ph
ilu

s 
LA

-5
, 

L.
 p

la
nt

ar
um

 P
L0

2,
 L

. r
ha

m
no

su
s 

K
L5

3A
, L

. d
el

br
ue

ck
i s

ub
sp

. b
ul

ga
ri

cu
s 

LB
Y-

27
, L

. l
ac

tis
 P

B
41

1,
 B

. a
ni

m
al

is
 B

B
12

), 
Lc

S 
– 

L.
 c

as
ei

 
Sh

iro
ta

, L
cD

 –
 L

. c
as

ei
 D

N
11

40
01

, E
cN

 –
 E

. c
ol

i N
is

sl
e 

19
17

, B
a 

– 
B.

 a
ni

m
al

is
 M

K
2,

 B
t –

 B
. t

he
ta

io
ta

om
ic

ro
n 

AT
C

C
 2

97
41

, P
a 

– 
P.

 
an

ae
ro

bi
us

 A
TC

C
 2

73
37

, S
t –

 S
. T

yp
hi

m
ur

iu
m

 A
TC

C
 1

40
28

, E
cF

 –
 E

. c
ol

i A
TC

C
 1

05
36

, E
cO

H
 –

 E
. c

ol
i N

C
TC

 1
29

00
. L

ic
zb

y 
ge

nó
w

 d
la

 
da

ne
go

 o
kr

eś
le

ni
a 

G
O

 S
lim

 o
db

ie
ga

ją
ce

 o
d 

tre
nd

u 
za

ob
se

rw
ow

an
eg

o 
dl

a 
w

sz
ys

tk
ic

h 
ba

da
ny

ch
 w

ar
un

kó
w

 e
ks

pe
ry

m
en

ta
ln

yc
h 

w
yz

na
cz

on
o 

na
 p

od
st

aw
ie

 w
ar

to
śc

i o
ds

ta
ją

cy
ch

 o
d 

śr
ed

ni
eg

o 
od

se
tk

a 
lic

zb
y 

ge
nó

w
, s

to
su

ją
c 

te
st

 G
ru

bb
sa

 i 
za

zn
ac

za
ją

c 
po

dw
ój

ną
 li

ni
ą 

ra
m

ki
 k

om
ór

ki
 

(d
la

 c
ał

ko
w

ite
j l

ic
zb

y 
ge

nó
w

) l
ub

 s
to

su
ją

c 
po

gr
ub

io
ną

 c
zc

io
nk

ę 
dl

a 
ob

lic
ze

ń 
uw

zg
lę

dn
ia

ją
cy

ch
 ty

lk
o 

od
se

te
k 

ge
nó

w
 o

 p
od

w
yż

sz
on

ej
 lu

b 
ob

ni
żo

ne
j e

ks
pr

es
ji.

 L
ic

zb
a 

ge
nó

w
 ró

żn
ic

uj
ąc

yc
h 

na
le

żą
cy

ch
 d

o 
da

ne
go

 p
ro

ce
su

 z
os

ta
ła

 u
ję

ta
 w

 T
ab

el
i S

4

Marcin_Schmidt.indd   52Marcin_Schmidt.indd   52 2015-03-09   12:10:362015-03-09   12:10:36



53

1
2

3
4

5
6

7
8

9
10

11
12

13
14

15

Biological process
bi

ol
og

ic
al

 
re

gu
la

tio
n

12
.9

9
18

.2
1

15
.6

6
15

.6
6

15
.8

6
18

.7
9

9.
2

21
.5

13
.7

9
18

.6
5

15
.4

1
15

.6
3

16
.9

9
26

.3
17

.4
9

12
.0

5
15

.3
4

15
.7

5
12

.6
8

17
.8

17
.3

2
16

.5
5

22
.6

3
5

17
.0

5
16

.9
1

m
ul

tic
el

lu
la

r 
or

ga
ni

sm
al

 
pr

oc
es

s

9.
37

8.
57

7.
29

7.
83

8.
8

7.
58

6.
31

10
.8

8.
15

9.
72

8.
08

7.
22

11
.6

3
9.

84
11

.8
8

5.
77

7.
15

10
.0

5
7.

92 7.
5

10
.6

7
8.

87
13

.4
2

3.
68

9.
1

7.
66

ce
ll 

co
m

m
un

ic
at

io
n

7.
36

9.
77

7.
65 7.
1

8.
63

7.
65

5.
67

11
.1

2
9.

4
9.

25
8.

19
7.

76
9.

3
11

.9
9

9.
34

6.
96

8.
37

8.
78

7.
14 7.
8

10
.1

5
8.

79
15 2.
11

9.
61

8.
09

re
sp

on
se

 to
 

st
im

ul
us

6.
69 9.
5

8.
56

5.
46

6.
67

6.
11

5.
24

10
.5

9
6.

43
7.

37
5.

93 5.
5

11
.8

1
9.

3
9.

51
4.

07
6.

88
6.

29
5.

42
6.

79
8.

87
6.

74
12

.6
3

3.
95

7.
59

5.
42

de
ve

lo
pm

en
ta

l 
pr

oc
es

s
6.

43 7.
9

5.
83

5.
65

6.
99

6.
29

4.
81

7.
49

6.
43

7.
52

5.
93

5.
39

10
.0

2
6.

08
9.

17
4.

41
5.

66
7.

15
5.

77
5.

36
8.

45
6.

66
9.

74
3.

42
7.

23
5.

71
ce

llu
la

r 
co

m
po

ne
nt

 
or

ga
ni

za
tio

n

3.
88

7.
36

5.
46

5.
46

5.
69

7.
33

3.
64

8.
24

5.
33

6.
74

5.
28 5.
5

7.
87

7.
16

6.
62

3.
74

7.
29 5.
2

4.
82

4.
46

6.
83

4.
95

7.
37

6.
58

6.
65

6.
14

lo
ca

liz
at

io
n

5.
22

6.
96

8.
38

6.
01

5.
73

8.
66

3.
32

8.
45

6.
58

6.
74

7.
11

5.
39

6.
8

8.
77

7.
47

4.
58

7.
92

6.
38

5.
42

5.
89

7.
42

5.
38

11
.5

8
2.

37
6.

21
8.

02
ce

ll 
pr

ol
ife

ra
tio

n
1.

34
2.

68
2.

55 2
1.

99
2.

51
1.

82
3.

64
2.

82
2.

51
1.

51
1.

72
4.

83
1.

97
3.

9
1.

53
2.

26
1.

95
2.

32
1.

67
2.

73 2.
3

5 1.
05

2.
1

1.
66

de
at

h
1.

87
3.

21
2.

55
3.

46
2.

34
3.

18
1.

6
2.

57
2.

19
2.

51
2.

26
1.

83
5.

01
1.

97
2.

21
0.

85
3.

35
1.

86
1.

9
2.

74
3.

67
2.

05
4.

21
1.

05
2.

96
2.

02
m

ul
ti-

or
ga

ni
sm

 
pr

oc
es

s
1.

47
2.

01
1.

46
0.

55
1.

19
1.

61
1.

18
1.

71
1.

57
1.

57
1.

29
0.

75
4.

11
0.

89
2.

04
1.

02
1.

67
1.

31
1.

37
1.

19
2.

73
1.

37
2.

37
2.

11
2.

67
0.

79
gr

ow
th

0.
54

1.
61

1.
09 2

0.
94

0.
91

1.
07

1.
18

0.
31

1.
72

0.
54

1.
19

0.
36

0.
89

1.
53

0.
68

1.
09 0.
9

0.
71

1.
07

1.
11

1.
02

1.
58

1.
05

1.
01

0.
58

re
pr

od
uc

tio
n

1.
74

1.
87

1.
46

2.
19

1.
64

1.
33

0.
86

1.
93

2.
51

1.
88

1.
29

1.
08

3.
76

1.
43

2.
55

0.
51

1.
63

1.
67

1.
19

1.
43

2.
05

1.
02

2.
89

1.
05

2.
02

1.
23

un
cl

as
si

fi e
d

22
.8

9
20

.2
1

17
.3

27
.5

13
.5

9
13

.4
1

17
.9

7
27

.9
1

21
.6

3
24

.1
4

23
.3

8
23

.1
7

10
.5

5
21

.8
2

30
.3

9
16

.4
7

15
.0

2
29

.7
3

21
.2

5
26

.4
9

16
.6

4
26

.1
1

43
.1

6
6.

84
20

.5
9

16
.6

2

Marcin_Schmidt.indd   53Marcin_Schmidt.indd   53 2015-03-09   12:10:362015-03-09   12:10:36



54
Ta

bl
e 

6 
co

nt
.

1
2

3
4

5
6

7
8

9
10

11
13

14
15

16
Molecular function

pr
ot

ei
n 

bi
nd

in
g

14
.7

3
19

.5
4

16
.7

6
16

.3
9

16
.2

4
21

.6
6

10
.1

6
21

.5
14

.8
9

19
.2

8
16

.8
1

15
.9

5
19

.8
6

22
18

.6
8

12
.0

5
20

.4
5

15
.6

6
13

.9
3

14
.5

2
20

.8
2

15
.7

8
23

.9
5

7.
89

18
.2

8
18

.8
6

io
n 

bi
nd

in
g

6.
29

8.
43

7.
47

9.
84

9.
64

10
.8

6
5.

13
10

.3
7

8.
93

10
.0

3
10

.1
3

8.
62

6.
26

19
.1

4
9.

68
7.

98
8.

33 9
8.

93
11

.9
9.

39
8.

62
11

.5
8

2.
63

8.
09

11
.0

5
hy

dr
ol

as
e 

ac
tiv

ity
3.

35
5.

89
5.

28
3.

46
4.

54
6.

15
3.

21
5.

67
3.

13
5.

64
4.

74
3.

88
3.

4
5.

9
5.

6
3.

74
6.

56
3.

71
3.

63
4.

58
4.

18
3.

24
8.

42
1.

05
3.

9
5.

2
nu

cl
ei

c 
ac

id
 

bi
nd

in
g

5.
09 8.
3

6.
56

8.
93

6.
18

10
.2

2.
99

8.
34

3.
45

7.
99

7.
11

6.
68

9.
48

16
.8

2
7.

13
5.

09
5.

75
6.

15
5.

77
9.

64
6.

4
6.

57
5 5.
79

7.
8

8.
38

nu
cl

eo
tid

e 
bi

nd
in

g
3.

88
5.

62
4.

37
3.

46
5.

2
6.

71
2.

35 6.
1

2.
51

5.
33

4.
74

3.
45

2.
86

9.
12

6.
62

3.
74

6.
83 4.
3

3.
39 5

5.
8

3.
5

7.
37

2.
37

4.
48

5.
71

tra
ns

fe
ra

se
 

ac
tiv

ity
3.

35
4.

82
5.

1
3.

46
4.

19
4.

72
2.

35
4.

92
2.

51
3.

13
3.

45
2.

48
3.

76
4.

11
5.

77
2.

38
3.

35
3.

67
3.

04
3.

39
3.

58
3.

41
5 1.
32

3.
68

5.
49

m
ol

ec
ul

ar
 

tra
ns

du
ce

r 
ac

tiv
ity

4.
28

5.
22

3.
46

3.
28

4.
16

2.
65

1.
82

4.
49

3.
45

5.
17

3.
34

3.
88

3.
04

5.
19

4.
07

2.
21

2.
67

4.
75

3.
39

2.
86

4.
1

4.
61

6.
32

0.
26

3.
68 2.
6

tra
ns

cr
ip

tio
n 

re
gu

la
tio

n 
ac

tiv
ity

2.
14

3.
88

2.
73 3.
1

3.
25

3.
46

1.
71

5.
03

1.
88

4.
23

2.
91

3.
02

5.
55

6.
08

2.
89

2.
04

2.
58

3.
03

2.
8

3.
57

4.
27

3.
33

2.
63

0.
26

3.
54 3.
9

en
zy

m
e 

re
gu

la
to

r 
ac

tiv
ity

2.
28

1.
87

2 1.
46

1.
96

1.
71

1.
28

3.
21

2.
19

1.
41

1.
94

2.
16

1.
97 3.
4

1.
87

2.
21

1.
58

2.
13

1.
49

1.
96

2.
39

3.
07

2.
63

1.
58

2.
38

1.
81

tra
ns

po
rte

r 
ac

tiv
ity

1.
87

1.
87

2.
55

2.
19

2.
03

2.
93

0.
96

2.
35

2.
98

0.
78

2.
48

1.
72

1.
97

3.
22

2.
04

1.
19

2.
94

2.
13

1.
96

2.
32

3.
07

1.
71

4.
47

0.
79

2.
1

2.
67

el
ec

tro
n 

ca
rr

ie
r 

ac
tiv

ity
0.

67
0.

54
0.

73
0.

36
0.

28
0.

21
0.

75
0.

32
0.

31
0.

16
0.

54
0.

22
0.

18
0.

72
0.

17
0.

17
0.

54
0.

45
0.

3
0.

54
0.

17
0.

26
1.

32 0
0.

36
0.

22
st

ru
ct

ur
al

 
m

ol
ec

ul
e 

ac
tiv

ity

0.
8

0.
67

0.
55

0.
36

0.
91

1.
99

0.
53 1.
6

0.
94

0.
63

0.
97

0.
75

0.
72

1.
97

0.
34

1.
36

1.
99

1.
22

1.
01

0.
77

1.
54

1.
37

0.
53

1.
58

1.
23

1.
01

Marcin_Schmidt.indd   54Marcin_Schmidt.indd   54 2015-03-09   12:10:362015-03-09   12:10:36



55

1
2

3
4

5
6

7
8

9
10

11
13

14
15

16

Molecular function
lip

id
 b

in
di

ng
1.

07 0.
8

0.
73

0.
73

1.
08 0.
8

0.
43 1.
5

0.
63

1.
57

0.
32

0.
97

0.
54

1.
79

0.
34

0.
51

0.
72

1.
36

0.
71

1.
13

0.
94

0.
85

1.
05

0.
26

0.
72

1.
23

ox
yg

en
 b

in
di

ng
0.

4
0.

13
0.

36 0
0.

07
0.

07
0.

43 0
0.

31 0
0.

11
0.

11
0.

36
0.

36
0.

34
0.

17
0.

09
0.

05
0.

18
0.

18
0.

17 0
0.

53 0
0.

07 0
ca

rb
oh

yd
ra

te
 

bi
nd

in
g

0.
8

0.
67

1.
82 0

0.
7

0.
24

0.
32

0.
53

1.
57

0.
94

0.
22

0.
97

0.
54

0.
36

0.
85

0.
51

0.
81

1.
22

0.
6

0.
42

0.
68

0.
85

0.
53

0.
53

1.
16

0.
65

m
ol

ec
ul

ar
 

ad
ap

to
r a

ct
iv

ity
0 0.
27

0.
18 0

0.
24

0.
28

0.
11

0.
32

0.
31 0

0.
22

0.
11

0 0
0.

51
0.

17
0.

14
0.

09
0.

18 0
0.

26
0.

09
0.

53 0
0.

07
0.

14
ch

ro
m

at
in

 
bi

nd
in

g
0.

27
0.

54
0.

18
0.

36
0.

35
0.

38
0.

11
0.

64
0.

16
0.

94
0.

22
0.

54
0.

18
1.

07
0.

68 0
0.

36
0.

32
0.

42
0.

54
0.

17
0.

51
0 0

0.
14

0.
43

an
tio

xi
da

nt
 

ac
tiv

ity
0 0.
27

0.
18 0

0 0.
17

0 0
0.

31
0.

16
0 0.
11

0 0.
36

0.
17 0

0.
27

0.
09

0 0.
24

0 0.
09

0 0
0.

22
0.

07

pr
ot

ei
n 

ta
g

0 0
0 0

0 0
0 0

0 0
0 0

0 0
0.

17 0
0 0

0.
06 0

0 0
0 0

0 0
tra

ns
la

tio
n 

re
gu

la
tio

n 
ac

tiv
ity

0.
13

0.
27

0 0
0.

03
0.

17
0 0

0 0
0 0.
11

0 0
0.

17
0.

17
0.

05 0
0.

06 0
0 0.
09

0 0
0.

07
0.

07

nu
tri

en
t 

re
se

rv
oi

r 
ac

tiv
ity

0 0
0 0

0 0
0 0

0 0
0 0

0 0
0.

17 0
0 0

0.
06 0

0 0
0 0

0 0

un
cl

as
si

fi e
d

21
.9

5
18

.8
8

15
.8

5
26

.2
3

11
.1

8
11

.7
7

17
.5

4
26

.8
4

21
.3

2
21

.1
6

21
.7

7
22

.5
2

9.
84

17
.8

9
29

.3
7

16
.6

4
13

.6
2

25
.2

19
.3

5
25

.2
4

15
.3

6
24

.5
7

43
.4

2
6.

32
19

.8
7

14
.7

4
m

em
br

an
e

10
.7

1
17

.4
16

.3
9

11
.4

8
13

.3
4

14
.1

8
7.

81
17

.4
3

13
.7

9
15

.2
15

.0
9

12
.6

1
13

.4
2

16
.4

6
14

.7
7

9.
17

15
.4

3
15

.2
9

10
.8

3
12

.8
15

.6
1

12
.3

7
18

.6
8

4.
74

15
.4

6
14

.7
4

nu
cl

eu
s

7.
9

13
.5

2
9.

65
11

.2
9

9.
95

16
.0

3
4.

06
15

.6
1

7.
52

12
.8

5
11

.7
5

10
.7

8
14

.6
7

19
.5

12
.5

6
9.

85
10

.7
2

9.
73

9.
46

13
.5

1
10

.9
2

9.
98

10 6.
32

11
.9

9
13

.0
8

Marcin_Schmidt.indd   55Marcin_Schmidt.indd   55 2015-03-09   12:10:372015-03-09   12:10:37



56
Ta

bl
e 

6 
co

nt
.

1
2

3
4

5
6

7
8

9
10

11
13

14
15

16
Cellular component

m
ac

ro
m

ol
ec

ul
ar

 
co

m
pl

ex
4.

95
7.

76
6.

92
4.

55
5.

31
9.

92
2.

89
8.

77
4.

86
4.

86
6.

79
5.

93
7.

69
8.

77
5.

43
4.

58
8.

42
6.

02
5.

65
5.

12
7.

51
4.

69
7.

11
6.

58
7.

3
7.

3
cy

to
so

l
1.

87
2.

28
2.

55 2
2.

13
4.

61
1.

82
3.

32
2.

66
3.

13
1.

83
2.

26
2.

15 3.
4

2.
72

2.
38

4.
71

2.
13

2.
02

2.
32

3.
16

2.
13

4.
47

3.
16

2.
75

3.
68

cy
to

sk
el

et
on

1.
87

2.
81

1.
64

2.
37

2.
65

3.
18

1.
5

3.
53

1.
1

2.
04

2.
37

2.
69

2.
86

3.
22

3.
4

2.
72

4.
3

2.
94

3.
04

1.
79

3.
5

2.
22

4.
21

0.
26

2.
89

2.
24

m
em

br
an

e-
en

cl
os

ed
 lu

m
en

3.
48

5.
62

3.
83

2.
37

3.
49

6.
29

1.
5

5.
78

3.
13

3.
76

3.
45

3.
23

4.
47

6.
62

4.
24

2.
38

5.
66

3.
39

3.
45

3.
33

3.
33 3.
5

3.
68

2.
89

3.
83

4.
84

ex
tra

ce
llu

la
r 

m
at

rix
1.

2
0.

54
0.

91
0.

18
0.

91
0.

35
1.

28
0.

21
1.

41
0.

63
0.

32
0.

54
0.

36
0.

72
1.

19
0.

51
0.

41
0.

59
0.

77 0.
6

0.
51

0.
68

1.
32

0.
53

0.
87

0.
79

G
ol

gi
 a

pp
ar

at
us

1.
34

2.
95

2.
73

0.
73

1.
92

3.
04

1.
28

3.
85

1.
72

2.
66

1.
94

2.
26

1.
97

2.
15

3.
06

1.
19

3.
12

1.
76

1.
13

1.
85

2.
3

1.
62

2.
37

0.
79

1.
59

1.
95

ex
tra

ce
llu

la
r 

sp
ac

e
2.

01
1.

07
2.

37
1.

09
1.

5
0.

52
1.

18
1.

28
2.

19
1.

57
1.

08
0.

86
2.

86
2.

15
3.

06
1.

02
1.

31 1.
4

1.
13

1.
07

1.
28

1.
45

4.
21

1.
05

1.
73

1.
16

en
do

pl
as

m
ic

 
re

tic
ul

um
1.

74
3.

21
2.

55
1.

09
1.

57
3.

35
1.

07
2.

99
2.

19
1.

72
1.

62
1.

72
2.

5
2.

33
1.

87
1.

36
2.

81
1.

81
1.

67
1.

55
2.

22
1.

71
2.

63
1.

84
1.

81
3.

11
m

ito
ch

on
dr

io
n

0.
94

2.
54

2.
55

1.
82

1.
92

3.
53

1.
07

2.
25

2.
04

1.
88

2.
26

1.
62

1.
97

1.
97

1.
87

2.
21

3.
53 1.
4

1.
43

1.
61

1.
45

1.
45

2.
63

1.
58

2.
31

3.
03

ce
ll 

pr
oj

ec
tio

n
0.

54
2.

01
0.

91
1.

46
1.

36
1.

54
0.

96
2.

03
1.

25
1.

72
0.

97
1.

29
0.

72
3.

22
2.

38
0.

51
1.

27
1.

31
1.

43
1.

49
1.

11
0.

85
3.

16
0.

26
1.

81
0.

72
en

do
m

em
br

an
e 

sy
st

em
1.

07 1.
2

2.
37

1.
28

1.
29

2.
51

0.
86

2.
25

1.
41

0.
78

1.
29

1.
62

2.
15

1.
61

1.
53

0.
85

2.
22

1.
67

1.
19

0.
95

1.
71

1.
45

0.
79

0.
53

1.
66

3.
03

ve
si

cl
e

1.
61

1.
61

2.
19

0.
55

1.
26

1.
71

0.
75

1.
71

1.
41

0.
63

1.
72

1.
08

1.
43

1.
07

1.
36

0.
68

2.
17

1.
72

1.
25

0.
89

2.
13

0.
94

0.
53

1.
05

1.
52

1.
59

ch
ro

m
os

om
e

0.
8

1.
61

1.
28

0.
55

0.
7

1.
57

0.
43 1.
6

1.
1

1.
1

0.
75 1.
4

3.
76

0.
72

1.
7

0.
68

0 1.
09

0.
77

0.
77

0.
94

0.
77

0.
79

3.
95

2.
1

1.
23

en
do

so
m

e
1.

07 0.
4

0.
55

0.
91

0.
7

1.
26

0.
21

1.
07

1.
1

0.
63

1.
19

0.
75

1.
07

1.
07

1.
02

0.
17

1.
09

0.
54

0.
54

0.
42

0.
94

0.
68

0.
26 0

0.
72

0.
72

Marcin_Schmidt.indd   56Marcin_Schmidt.indd   56 2015-03-09   12:10:372015-03-09   12:10:37



57

1
2

3
4

5
6

7
8

9
10

11
13

14
15

16

Cellular component
en

ve
lo

pe
0.

54
1.

34
1.

82
0.

91
0.

87
2.

34
0.

11
1.

28
1.

25
0.

94
1.

62
1.

19
1.

79
1.

43
0.

85
0.

51
1.

9
0.

81
0.

89
0.

71
1.

02
1.

11
1.

05
0.

53
1.

16
2.

02
va

cu
ol

e
0.

54
0.

54
0.

18
0.

18
0.

38 0.
8

0.
11

0.
53

0.
78

0.
63

0.
65

0.
54

0.
54

1.
07

0.
85

0.
51

1 0.
23

0.
36 0.
6

1.
11

0.
51

0.
53 0

0.
65

0.
36

rib
os

om
e

0.
13 0.
4

0.
18

0.
18

0.
17

1.
19

0 0.
32

0.
16

0.
31

0.
22

0.
11

0 0.
72

0.
17

0.
51

0.
5

0.
36

0.
18

0.
18

0.
26

0.
17

0 1.
05

0.
29

0.
36

lip
id

 p
ar

tic
le

0 0
0 0.
18

0.
03

0.
03

0 0.
11

0.
16 0

0 0
0 0

0 0
0.

05 0
0 0

0 0
0 0

0 0
m

ic
ro

bo
dy

0 0.
4

0.
18 0

0.
21

0.
31

0 0.
11

0 0.
16

0.
22

0.
11

0.
36

0.
54

0 0
0.

36
0.

09
0.

12
0.

18
0.

17 0
0 0.
26

0.
36

0.
22

ex
te

rn
al

 
en

ca
ps

ul
at

in
g 

st
ru

ct
ur

e

0 0
0 0

0 0
0 0

0 0
0 0

0.
18 0

0 0
0 0

0 0
0.

09 0
0 0

0 0

un
cl

as
si

fi e
d

24
.3

6
20

.0
8

18
.0

3
28

.2
3

12
.7

5
13

.4
5

17
.5

4
26

.7
4

19
.7

5
24

.4
5

23
.6

22
.3

1
7.

87
24

.5
1

27
.6

7
16

.4
7

14
.4

8
26

.2
9

20
.6

5
26

.3
1

14
.0

8
27

.3
9

45
.7

9
6.

32
20

.3
16

.5
5

Marcin_Schmidt.indd   57Marcin_Schmidt.indd   57 2015-03-09   12:10:372015-03-09   12:10:37



58

Modulation of genes dissimilar to global trends was also identifi ed in case of 
B. animalis MK2 treatment. It showed overrepresentation of up-regulated genes 
regarding GO Slim term of ‘chromatin bindin g’ (Table 6) indicating the strain 
infl uence on chromatin organisation during interphase.

4.2. DATA MINING FOR BIOLOGICAL SIGNIFICANCE OF BACTERIAL STIMULI 

To discover bacterial action on the human body description of function of differ-
entially expressed genes’ product was analysed. Study of known specifi c gene 
actions was performed to search for biological processes infl uenced by tested 
strains. This could also reveal any similarity patterns on higher than gene ex-
pression level. Many biological processes are encoded by multiple genes and 
regulated through alternative pathways. Therefore lack of similarity in the ex-
pression level of individual genes does not exclude a similar end-point effect. 
In order to identify biological processes that are affected by tested strains, the 
microarray datasets were explored using a structured vocabulary of biological 
terms (gene ontology). Full lists of genes with statistical signifi cance coeffi -
cients (p-values) of changes in the level of expression were analysed using the 
ErmineJ program (Lee et al., 2005) to look for altered biological processes. In-
dividual experimental variants indicated potential changes in the 110 to 350 spe-
cifi c biological processes (p < 0.05; with an average of 169). The signifi cantly 
infl uenced biological processes comprise of 3.2% to 10.6% (with an average of 
5.0%) of total identifi ed processes. A total number of 1735 specifi c biological 
processes was changed signifi cantly (p < 0.05) in response to tested microor-
ganisms ( Table 7). However, low similarity in the profi les of expressed genes 
resulted in the absence of widely altered biological processes for the group of 
probiotic microorganisms, Gram-positive and Gram-negative bacteria, or those 
belonging to the Lactobacillus genus. The number of processes changed will 
rise as new annotations will be assigned to gene products. However, there is still 
a lot of human genes of unknown function, and many may have several func-
tions still undiscovered.

In case of the commensal and pathogenic bacteria only two common spe-
cifi c biological processes, altered by the representatives within these two groups 
were identifi ed. In the case of B. animalis MK2, B. thetaiotaomicron ATCC 
29741 and P. anaerobius ATCC 27337 (commensal group) these were ‘negative 
regulation of Ras protein signal transduction’ (GO:0046580) and ‘negative reg-
ulation of small GTPase mediated signal transduction’ (GO:0051058). Whereas 
pathogenic bacteria (S. Typhimurium ATCC 14028, E. coli ATCC 10536 and 
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Table 7. Number of identifi ed biological processes that are affected by microorganisms. The 
analysis was performed with ErmineJ software using full lists of genes with signifi cance co-
effi cients of their expression level changes

Tabela 7. Liczba zidentyfi kowanych procesów biologicznych zmienionych przez mikroorga-
nizmy. Analizie w programie ErmineJ zostały poddane pełne listy genów ze współczynnika-
mi istotności statystycznej oznaczonych wartości zmian poziomu ekspresji genów

Group Strain [designation]

Number of affected
biological processes

p < 0.05 total 
identifi ed

Pr
ob

io
tic

Lactobacillus rhamnosus GG 
(ATCC 53103) [LGG]

129 3 391

Bifi dobacterium animalis subsp. lactis BB12 
[BB12]

110 3 417

Lactobacillus acidophilus LA-5 [Lc5] 121 3 212
mixture of:
Lactobacillus plantarum PL02
Lactobacillus rhamnosus KL53A
Lactobacillus delbruecki subsp. bulgaricus 
LBY-27
Lactococcus lactis PB411
Lactobacillus acidophilus LA-5
Bifi dobacterium animalis subsp. lactis BB12
[mix]

166 3 310

Lactobacillus casei Shirota [LcS] 182 3 322
Lactobacillus casei DN114001 [LcD] 116 3 036
Escherichia coli Nissle 1917 [EcN] 350 3 302
all probiotic strains1 73 2 111

C
om

m
en

sa
l

Bifi dobacterium animalis MK2 [Ba] 167 3 487
Bacteroides thetaiotaomicron 
ATCC 29741[Bt]

217 3 397

Peptostreptococcus anaerobius 
ATCC 27337 [Pa]

206 3 553

all commensal strains1 82 2 111

Pa
th

og
en

ic Salmonella Typhimurium ATCC 14028 [St] 165 3 386
 Escherichia coli ATCC 10536 [EcF] 158 3 359
Escherichia coli O157:H7 (NCTC 12900) [EcOH] 113 3 319
all pathogenic strains1 143 2 111

Number of different2 processes for all strains 1 735 4 273
Number of different2 processes for all probiotic strains 1 011 3 919
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Table 7 cont.

Number of different2 processes for all commensal strains 546 3 862
Number of different2 processes for all pathogenic strains 409 3 700
Number of joint3 processes for all strains 0 2 519
Number of joint3 processes for all probiotic strains 0 2 583
Number of joint3 processes for all commensal strains 2 3 106
Number of joint3 processes for all pathogenic strains 2 3 021
Number of joint3 processes for Gram-positive bacteria 0 2 575
Number of joint3 processes for Gram-negative bacteria 0 2 879
Number of joint3 processes for Lactobacillus sp. 0 2 658
Number of joint3 processes for E. coli 3 2 996

1 – analysis of gene lists obtained by treating the strains from the group as biological replicates, 2 – full 
repertoire of altered biological processes, 3 – altered biological processes joint for the entire group of 
microorganisms analysed.
1 – wykorzystując listę genów uzyskaną przy traktowaniu analiz poszczególnych szczepów z danej 
grupy jako powtórzenia biologiczne, 2 – wszystkie zmienione procesy biologiczne, 3 – zmienione pro-
cesy biologiczne wspólne dla danej grupy analizowanych mikroorganizmów.
 

E. coli NCTC 12900) modulated ‘homophilic cell adhesion’ (GO:0007156) and 
‘toll-like receptor 4 signalling pathway’ (GO:0034142). 

The analysed E. coli strains modifi ed biological processes of ‘response to 
superoxide’ (GO:0000303), ‘response to oxygen radical’ (GO:0000305), and 
‘homophilic cell adhesion’ (GO:0007156).

Comparison of biological processes altered in differentiated Caco-2 cells in 
response to single microbial strains (and a mixture) showed that the strains re-
vealed their infl uence on up to 28 of the same specifi c biological process (with 
the average of 10, at the statistical signifi cance of p < 0.05,  Table 8). To increase 
a chance of detecting subtle effects (McDonald, 2009) biological processes in-
fl uenced at the statistical signifi cance of p < 0.1 were also analysed. This ap-
proach showed that maximum number of the same biological processes affected 
by the strains increased to 80 (with the average of 31).

The probiotic strains in a group analysis did not revealed any common bio-
logical process changed. The single probiotic strain infl uenced on an average 
8.8 of the same biological processes with another probiotic strain. However, the 
probiotic strains share on an average 11.5 of the same biological processes with 
the commensal strains. Comparison of the probiotic and pathogenic strains in-
dicates that the strains infl uence on an average 8.7 of the same biological pro-
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cesses which is similar to comparisons within the probiotic group. Escherichia 
coli Nissle 1917 share the highest number of the same biological processes with 
other tested strains. Bifi dobacterium animalis BB12 or L. casei DN114001 share 
the lowest number of the same biological processes with the other strains. With 
an exception of L. casei Shirota, which the latter strain shares close taxonomi-
cal relationship. Unlike the L. casei strains, the two strains of B. animalis share 
a below-average number of biological processes infl uenced. This may confi rm 
why one belongs to the probiotic and the other to commensal group.

To better illustrate the similarities and differences in the impact of the ex-
amined microorganisms on the specifi c biological processes in enterocytes, the 
processes were grouped into 37 commonsense categories ( Table 9). The catego-
ries (general biological processes) were selected based on current knowledge of 
processes that are possibly infl uenced by microbiota. Such an approach allows 
to distinguish specifi c attributes of the analysed microorganisms on enterocyte 
and whole organism biology, as the global transcriptome comparison did not 
reveal striking similarities. The largest infl uence on general biological processes 
in enterocytes was observed in case of the E. coli Nissle 1917. The strain al-
tered above median number of specifi c biological processes in 34 categories. 
Whereas, the least potent was L. acidophilus LA-5, which altered above median 
a number of specifi c biological processes in only six categories  (Table 9).

Number of biological processes changed in the category (general biologi-
cal process) indicates an impact of a strain on a general process. To investigate 
whether a strain that infl uences a general process modulates it similarily to the 
other or in the opposite fashion, expression patterns of genes assigned to that 
process were compared. Although the enterocytes’ response to bacteria is strain 
specifi c some species-specifi c traits can be clearly seen. A similar response to 
both B. animalis strains BB12 and MK2 can be observed in gene expression pat-
terns regarding biological processes such as i.e. structure and function of gas-
trointestinal tract (R2 = 0.925 , Fig. 8.27), viral infection (R2 = 0.90 0, Fig. 8.8), 
metabolism (R2 = 0.8 84, Fig. 8.9), reactive oxygen species and redox potential 
(R2 = 0. 863, Fig. 8.17), detoxifi cation (R2 = 0 .857, Fig. 8.5), aging (R2 =  0.852, 
Fig. 8.22), healing and regeneration (R2 =  0.825, Fig. 8.6), and homeostasis (R2 
 = 0.823, Fig. 8.7). Even more species-specifi c similarity in biological processes-
-specifi c gene expression pattern can be seen in response to L. casei strains: 
Shirota and DN114001. These are i.e. structure and function of gastrointestinal 
tract (R2  = 0.972, Fig. 8.27), identifi cation of microorganisms (R 2 = 0.963, Fig. 
8.18), metabolism ( R2 = 0.950, Fig. 8.9), detoxifi cation  (R2 = 0.933, Fig. 8.5), 
cell cycle  (R2 = 0.926, Fig. 8.4), cell differentiatio n (R2 = 0.923, Fig. 8.20), ap-
optos is (R2 = 0.921, Fig. 8.2), and development and morphogene sis (R2 = 0.904, 

Marcin_Schmidt.indd   62Marcin_Schmidt.indd   62 2015-03-09   12:10:372015-03-09   12:10:37



63
 Ta

bl
e 

9.
 N

um
be

r o
f a

lte
re

d 
bi

ol
og

ic
al

 p
ro

ce
ss

es
 in

 C
ac

o-
2 

ce
lls

 u
nd

er
 in

fl u
en

ce
 o

f t
he

 te
st

ed
 s

tra
in

s 
co

m
bi

ne
d 

in
to

 a
rb

itr
ar

y 
ca

te
go

rie
s 

of
 

bi
ol

og
ic

al
 p

ro
ce

ss
es

. T
he

 su
bs

ta
nt

ia
l n

um
be

rs
 o

f b
io

lo
gi

ca
l p

ro
ce

ss
es

 c
ha

ng
ed

 si
gn

ifi 
ca

nt
ly

 (f
or

 p
 <

 0
.0

5)
 b

y 
sp

ec
ifi 

c 
st

ra
in

 w
er

e 
id

en
tifi

 e
d 

as
 th

os
e 

w
ith

 g
re

at
er

 th
an

 m
ed

ia
n 

fo
r t

he
 c

at
eg

or
y 

ar
e 

in
di

ca
te

d 
in

 b
ol

d 
nu

m
be

rs
. S

tra
in

s d
es

ig
na

tio
ns

 a
s i

n 
Ta

bl
e 

7
Ta

be
la

 9
. L

ic
zb

a 
zm

ie
ni

on
yc

h 
pr

oc
es

ów
 b

io
lo

gi
cz

ny
ch

 z
ac

ho
dz

ąc
yc

h 
w

 k
om

ór
ka

ch
 C

ac
o-

2 
po

d 
w

pł
yw

em
 st

os
ow

an
yc

h 
ko

m
ór

ek
 b

ak
te

rii
, z

e-
br

an
yc

h 
w

 su
bi

ek
ty

w
ne

 k
at

eg
or

ie
. P

og
ru

bi
on

ą c
zc

io
nk

ą o
zn

ac
zo

no
 li

cz
by

 p
ro

ce
só

w
 b

io
lo

gi
cz

ny
ch

 (p
 <

 0
,0

5)
, k

tó
re

 zo
sta

ły
 zm

ie
ni

on
e w

 il
oś

ci
 

w
ię

ks
ze

j n
iż

 w
ar

to
ść

 m
ed

ia
ny

 d
la

 w
sz

ys
tk

ic
h 

an
al

iz
ow

an
yc

h 
m

ik
ro

or
ga

ni
zm

ów
 w

 d
an

ej
 k

at
eg

or
ii.

 O
zn

ac
ze

ni
a 

sz
cz

ep
ów

 ja
k 

w
 ta

be
li 

7

C
at

eg
or

ie
s o

f b
io

lo
gi

ca
l p

ro
ce

ss
es

 
(n

um
be

r o
f p

ro
ce

ss
es

 in
 c

at
eg

or
y)

N
um

be
r o

f m
od

ifi 
ed

 b
io

lo
gi

ca
l p

ro
ce

ss
es

 
p 

< 
0.

05
p 

< 
0.

1
pr

ob
io

tic
co

m
m

en
sa

l
pa

th
og

en
ic

LG
G

B
B

12
Lc

5
m

ix
Lc

S
Lc

D
Ec

N
B

a
B

t
Pa

St
Ec

F
Ec

O
H

1
2

3
4

5
6

7
8

9
10

11
12

13
14

A
dh

es
io

n 
(4

7)
1 3

0 1
0 1

5 15
0 1

0 1
6 7

0 5
2 7

1 1
3 4

2 2
4 6

A
po

pt
os

is
 (4

8)
5 7

1 3
2 2

8 12
0 1

2 3
2 3

5 5
4 5

2 8
1 3

1 2
0 2

B
lo

od
 p

re
ss

ur
e 

(3
5)

0 1
4 6

7 7
2 2

1 1
0 0

3 5
0 0

5 8
3 6

0 2
2 4

0 1
C

el
l c

yc
le

 (1
53

)
4 15

1 3
1 3

1 3
8 17

1 1
14 20

8 12
10 16

7 17
5 13

3 4
7 16

D
et

ox
ifi 

ca
tio

n 
(1

5)
1 1

1 1
0 1

0 1
2 3

0 0
2 3

2 4
3 3

2 2
1 1

4 4
0 1

H
ea

lin
g 

an
d 

re
ge

ne
ra

tio
n 

(1
5)

0 1
0 0

1 1
0 0

3 5
0 0

6 9
0 0

0 1
0 0

2 2
0 0

2 2
H

om
eo

st
as

is
 (5

8)
0 2

4 4
1 3

0 0
0 0

4 7
5 6

1 1
7 10

7 9
1 3

1 3
0 2

V
ira

l i
nf

ec
tio

n 
(9

0)
4 7

0 2
0 0

2 2
10 15

5 9
24 31

0 1
1 8

3 10
8 9

3 8
1 4

Marcin_Schmidt.indd   63Marcin_Schmidt.indd   63 2015-03-09   12:10:372015-03-09   12:10:37



64
Ta

bl
e 

9 
co

nt
.

1
2

3
4

5
6

7
8

9
10

11
12

13
14

Ex
tra

ce
llu

la
r m

at
rix

 (1
7)

0 2
0 0

0 3
0 0

0 0
1 3

1 3
3 3

1 3
0 0

1 3
2 4

0 0
M

et
ab

ol
is

m
 (5

35
)

5 15
7 21

35 49
7 17

13 18
9 14

36 57
14 31

42 59
10 21

9 26
20 44

12 31
C

el
l m

ig
ra

tio
n 

(5
7)

7 15
0 0

0 1
0 7

11 17
6 7

10 13
4 6

3 9
8 12

4 5
5 8

1 2
B

lo
od

 a
nd

 ly
m

ph
at

ic
 v

es
se

ls
 (2

7)
1 4

0 0
2 2

1 2
3 5

0 1
4 6

3 5
2 6

3 7
2 2

1 2
3 3

D
N

A
 re

pa
ir 

(4
2)

0 0
0 1

2 2
1 4

2 3
0 1

4 5
1 3

2 3
6 8

0 1
0 0

0 3
N

ec
ro

si
s (

4)
0 0

1 1
0 0

0 0
0 0

0 1
2 2

0 1
0 1

0 0
0 0

1 1
0 1

A
cq

ui
re

d 
im

m
un

ity
 (4

55
)

11 21
4 17

6 11
36 67

43 57
21 42

47 70
15 29

13 23
16 38

26 39
26 43

2 6
In

na
te

 im
m

un
ity

 (3
2)

5 7
3 3

2 4
1 3

0 2
2 2

1 3
0 2

2 5
1 1

4 5
0 2

1 4
In

fl a
m

m
at

io
n 

(2
8)

6 7
1 1

1 2
3 4

0 2
0 1

3 5
2 2

0 0
6 9

1 1
0 1

0 0
C

yt
os

ke
le

to
n 

or
ga

ni
za

tio
n 

(9
0)

0 0
0 4

0 3
4 7

1 3
5 8

0 5
1 4

6 9
0 1

1 2
2 6

1 4
C

el
l p

ol
ar

iz
at

io
n 

(6
)

0 0
0 0

0 0
0 0

0 0
0 0

0 0
1 1

1 1
0 0

0 0
0 0

0 0
R

ea
ct

iv
e 

ox
yg

en
 sp

ec
ie

s
an

d 
re

do
x 

po
te

nt
ia

l (
37

)
3 3

2 2
4 4

1 1
2 2

3 3
4 5

0 0
5 9

0 0
0 1

9 12
6 7

Id
en

tifi
 c

at
io

n 
of

 m
ic

ro
or

ga
ni

sm
s (

29
)

1 1
0 0

0 0
0 1

0 2
4 6

3 10
1 2

2 4
5 6

10 11
5 5

5 6
M

or
ph

og
en

es
is

 a
nd

 d
ev

el
op

m
en

t (
41

6)
16 48

9 20
8 13

9 17
27 45

8 13
23 43

34 65
15 31

16 35
19 34

23 38
9 20

Marcin_Schmidt.indd   64Marcin_Schmidt.indd   64 2015-03-09   12:10:372015-03-09   12:10:37



65
1

2
3

4
5

6
7

8
9

10
11

12
13

14
C

el
l d

iff
er

en
tia

tio
n 

(2
01

)
10 13

2 5
4 7

7 11
11 17

10 17
8 16

8 17
12 22

6 10
10 21

5 7
3 6

C
irc

ad
ia

n 
rh

yt
hm

 (1
2)

2 3
2 2

0 0
0 0

1 2
0 2

1 2
0 0

0 0
5 7

0 1
0 0

0 0
Se

cr
et

io
n 

(5
9)

2 2
3 4

1 1
3 3

1 4
2 11

3 6
6 7

1 3
8 9

4 7
1 5

3 6
A

gi
ng

 (2
0)

1 1
0 1

0 1
1 1

1 1
1 2

2 2
0 0

0 0
0 1

0 0
0 0

0 0
St

er
oi

d 
m

et
ab

ol
is

m
 (5

7)
0 1

3 3
0 0

1 1
1 3

0 3
13 15

2 2
4 7

2 3
1 1

7 8
2 4

St
re

ss
 (3

6)
1 2

1 1
0 2

2 4
2 7

2 5
7 8

1 1
3 4

5 8
4 5

3 3
2 3

C
hr

om
at

in
 st

ru
ct

ur
e 

(6
7)

0 2
0 0

4 5
4 10

6 15
1 3

9 15
3 5

0 2
1 9

1 2
0 2

0 5
St

ru
ct

ur
e 

an
d 

fu
nc

tio
n 

of
 e

pi
th

el
iu

m
 

(8
4)

1 5
1 5

0 0
0 3

7 12
1 2

6 11
3 7

3 8
0 2

1 6
1 5

0 1
St

ru
ct

ur
e 

an
d 

fu
nc

tio
n 

of
 th

e 
ga

st
ro

in
te

st
in

al
 tr

ac
t (

44
)

1 2
1 2

0 0
3 4

3 5
0 3

9 13
0 2

0 1
2 4

3 7
1 1

2 5
Sy

m
bi

os
is

 (1
4)

3 3
0 0

0 0
4 4

0 1
0 0

2 2
0 0

4 4
1 3

0 0
0 0

0 0
Si

gn
al

lin
g 

(4
89

)
19 29

18 30
13 25

19 37
24 41

15 28
35 49

15 28
33 57

31 61
27 55

12 33
23 39

Tr
an

sp
or

t (
19

8)
1 4

10 30
5 8

3 3
1 4

5 10
16 23

4 12
10 16

11 26
3 5

5 14
3 5

N
er

ve
 sy

st
em

 (9
0)

3 8
3 4

3 10
9 12

3 9
6 10

11 13
4 8

1 2
4 10

3 6
6 11

2 6
Li

pi
d 

ab
so

rp
tio

n 
an

d 
m

et
ab

ol
is

m
 (3

6)
0 0

1 1
0 1

3 4
1 1

2 2
12 14

0 0
1 1

2 3
2 3

1 1
2 2

V
ita

m
in

 m
et

ab
ol

is
m

 (2
3)

2 2
2 4

1 1
0 0

3 3
1 4

5 5
2 2

0 3
2 3

0 0
1 3

3 5

Marcin_Schmidt.indd   65Marcin_Schmidt.indd   65 2015-03-09   12:10:372015-03-09   12:10:37



66

Fig. 8.19). The process-specifi c gene expression patterns in response to L. ca-
sei DN114001 and L. casei Shirota (or both) often cluster with response to L. 
rhamnosus GG (the three strains belong to Lactobacillus group Casei, which 
are phylogenetically closely related (Sato et al., 2012)) and/or to the mixture 
of probiotic strains  used (R2 > 0.872, Figs 8.4, 8.5, 8.9, 8.17, 8.18, 8.20, 8.27). 
On the other hand a biological process-related gene expression patterns specifi c 
to response to the E. coli strains did not display species-specifi c similarities. 
In gene expression patterns of the analysed categories of bio logical processes 
(Fig. 8) the responses to B. animalis strains and L. casei strains displayed spe-
cies-specifi c similarities showing median value of correlation coeffi cients of R2 
= 0.771 and R2 = 0.787, respectively. The most similar pair of E. coli strains 
was the Nissle 1917 and ATCC 10536 (median value of R2 = 0.218). Moreover, 
dendrograms of gene expression patterns related to general biological process 
categories, indicate that the E. coli strains induced the extremely different gene 
expression patterns as compared to the rest of all the strains tested (R2 = 0). This 
applies to selected biological process categories in respect to: the Nissle 1917 
 strain – apoptosis (Fig. 8. 2), viral infection (Fig. 8.8), cytos keleton organisa-
ti on (Fig. 8.16), aging (Fig. 8.22), the ATCC 10536 strain  – chromatin structure 
(F ig. 8.25), nerve system (Fig. 8.30), and the NCTC 12900 strain –  healing and 
regeneratio n (Fig. 8.6), homeostasis  (Fig. 8.7), cell migration (Fig. 8.10),  blood 
and lymphatic vessels  (Fig. 8.11), innate i mmunity (Fig. 8.14), s teroids (Fig. 
8.23), transport (Fig. 8.29). The second most frequent outlier was L. acidophilus 
LA-5 generating the extremely different response in case of following biologi-
cal  process categories: c ell cycle (Fig. 8.4), metabolism (Fig. 8.9),  identifi cation 
of microorganisms (Fig. 8. 18), development and morphogenesi s (Fig. 8.19), cell 
differentiation (Fig. 8.20), structure an d function of gastroin testinal tract (Fig. 
8.27), signalling (Fig. 8.28). In case of the L. acidophilus LA-5 strain the differ-
ence was even more noteworthy since all the other strains tested induced quite 
similar gene expression pattern in  categories of: cell cycle (R2 > 0 .606, Fig. 8.4), 
metabolism (R2 > 0.579, Fig. 8.9), iden tifi cation of microorganisms (R2 > 0.696, 
Fig. 8.18),  development and morphogenesis (R2 > 0.541, Fi g. 8.19), cell differ-
entiation (R2 > 0.656, Fig. 8.20), structure and fun ction of gastrointestinal tract 
(R2 > 0.646, Fig. 8.27). The most divergent gene expression patterns (indicated 
by long branches and high located nodes) were obse rved in processes like: ad-
hesion ( R2 < 0.779, Fig. 8.1), DNA repair (R2 < 0.770, Fig . 8.12), cytoskeleton 
organization (R2 < 0.702, Fig. 8.16), s tructure and function of epitheliu m (R2 
< 0.777, Fig. 8.26), transport (R2  < 0.732, Fig. 8.29), and nerve system (R2 < 
0.740, Fig. 8.30). Large similarities in responsomes to majority (70%) of the 
tested strains (low situated nodes and short branches) can be n oticed in pro-
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cesses such as: apoptosis (R2 > 0.8 08, Fig. 8.2), healing and regener ation (R2 
> 0.754, Fig. 8.6), metabolis m (R2 > 0.772, Fig. 8.9), innate immu nity (R2 > 
0.781, Fig. 8.14), infl ammation (R2 > 0.772 , Fig. 8.15), development and mor-
phogenesis (R2 > 0.712, Fig. 8.19), and stru cture and function of gastrointestinal 
tract (R2 > 0.854, Fig. 8.27).

4.3. VERIFICATION OF MICROARRAY DATA

4.3.1. Rotavirus infection – a model for enterocyte response to virus infection

The microarray analysis gave a broad view to biological processes that are in-
fl uenced by bacteria. One of the category identifi ed was response to virus in-
fection. To verify the accuracy of the microarray analysis the response to virus 
infection biological process was chosen for further study. Two bacterial strains 
were used in the experiment: B. animalis BB12 and E. coli Nissle 1917. The 
microarray data mining showed no infl uence of Bifi dobacterium ssp. (p > 0.05) 
and the effect of the E. coli Nissle 1917 (p < 0.05) on biological processes in 
category of virus infection ( Table 9). Since virus-induced gastroenteritis is 
a common problem among children worldwide and rotavirus infection is the 
most common cause of the gastrointestinal disorders a modulation of expression 
of genes involved in response to viral infection at cellular level was selected for 
validation of microarray data. According to Greenberg and Estes (2009) the ro-
taviruses infect nondividing differentiated enterocytes near the tips of the villus 
because mature enterocytes express factors required for effi cient infection and/
or replication. The diarrhea occurs due to virus-mediated destruction of absorp-
tive enterocytes and changes in tight junctions that lead to paracellular leakage. 
However, the rotavirus infection triggers little infl ammation in infected intes-
tines that distinguishes viral-induced diarrhea from bacterial-induced diarrhea. 
After the incubation period lasting 18-36 h shedding of massive quantities of 
virus occurs (Glass et al., 2006; Greenberg and Estes, 2009).

4.3.2. Escherichia coli Nissle 1917 but not Bifi dobacterium animalis BB12 

interferes with rotavirus replication

The primary goal of virus genetic information is replication to disseminate in-
fection. Microarray data mining gives insight into biological processes mainly 
on cellular level. Therefore the outcome of E. coli Nissle 1917 modulation of 
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Fig. 8. Dendrograms of similarities in gene expression of genes grouped in categories 
of biological processes were generated with unsupervised hierarchical cluster analysis 
based on the determination of the distance between clusters using average linkage with 
the Euclidean distance as a measure of similarity between the expression datapoints. 
Expression of genes (n > 126) belonging to the following categories of biological pro-
cesses were analysed: adhesion (1), apoptosis (2), blood pressure (3), cell cycle (4), 
detoxifi cation (5), healing and regeneration (6), homeostasis (7), viral infection (8), me-
tabolism (9), cell migration (10), blood and lymphatic vessels (11), DNA repair (12), 
acquired immunity (13), innate immunity (14), infl ammation (15), cytoskeleton organi-
sation (16), reactive oxygen species and redox potential (17), identifi cation of microor-
ganisms (18), development and morphogenesis (19), cell differentiation (20), secretion 
(21), aging (22), steroids (23), stress (24), chromatin structure (25), structure and func-
tion of epithelium (26), structure and function of gastrointestinal tract (27), signalling 
(28), transport (29), and nerve system (30). Strains designations as in Table 7
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Ryc. 8. Dendrogramy podobieństwa ekspresji genów zgrupowanych w kategoriach 
procesów biologicznych utworzono z zastosowaniem nienadzorowanej hierarchicznej 
analizy skupień, wykorzystując odległość euklidesową przy określaniu globalnego po-
dobieństwa pomiędzy poziomem ekspresji analizowanych genów należących do danej 
grupy. Analizie poddano poziomy ekspresji genów (n > 126) przypisanych do nastę-
pujących kategorii: adhezja (1), apoptoza (2), ciśnienie krwi (3), cykl komórkowy (4), 
detoksyfi kacja (5), gojenie i regeneracja (6), homeostaza (7), infekcja wirusowa (8), 
metabolizm (9), migracja komórek (10), naczynia krwionośne i limfatyczne (11), na-
prawa DNA (12), odporność nabyta (13), odporność wrodzona (14), stan zapalny (15), 
organizacja cytoszkieletu (16), wolne rodniki tlenowe i potencjał redoks (17), rozpozna-
wanie mikroorganizmów (18), rozwój i morfogeneza (19), różnicowanie komórek (20), 
wydzielanie (21), starzenie (22), steroidy (23), stres (24), struktura chromatyny (25), 
struktura i funkcje nabłonka (26), struktura i funkcje układu pokarmowego (27), sygna-
lizacja (28), transport (29) i  układ nerwowy (30). Oznaczenia szczepów jak w tabeli 7
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genes involved in response to virus infection should infl uence virus genome 
replication, transcription or other cellular processes implicated in antiviral re-
sponse (e.g. apoptosis). To address the problem an in vitro model with differ-
entiated Caco-2 cells infected with Human Rotavirus A G1P[8] strain RIX4414 
was used. The enterocytes were either preincubated with the bacteria for 4 h 
and then infected with rotavirus followed by further 4 h incubation (preinfec-
tion bacterial treatment) or infected with rotavirus and after 4 h exposed to the 
bacteria for another 4 h (postinfection bacterial treatment). Next the total RNA 
was isolated from Caco-2 cells, which was primed with a mixture of poly(dT) 
and random hexamer primers for reverse transcription. Obtained complemen-
tary DNA was used to quantitate rotavirus genomic segments and transcripts 
with qPCR. The analysis was performed with ΔΔCt method using 18S rRNA as 
a reference, which maintained high consistency across all samples  (Fig. 9). 

In both pre- and postinfection B. animalis BB12 treatment (se e Figure 10 
a nd Figure 11, respectively) the quantity of rotavirus genomic segments and 
transcripts were not changed signifi cantly. Whereas treatment with E. coli Ni-
ssle 1917 lead to signifi cant decrease in rotavirus RNA. The preinfection treat-
ment of differentiated Caco-2 cells with the Nissle 1917 strain lead to signifi -
cant decrease in NSP3, NSP56, and VP4 RN As (Fig. 10). Whereas postinfection 
treatment with the same strain caused reduction in all rotavirus RNAs level. The 
NSP1, VP1, VP2, VP6, and VP7 were the most signifi cantly decli ned (Fig. 11). 
This indicates that the probiotic strain of E. coli does modify enterocytes’ biol-
ogy to counteract rotavirus infection. The result validates also the microarray 
data mining noticing that E. coli Nissle 1917 modifi es cellular response to virus. 

4.3.3. Bacteria treatment of rotavirus infected cells did not change viability 

and cytotoxicity of enterocytes

The quantitative PCR analysis of rotavirus segm ents (Figure  10 and Figure 11) 
in differentiated Caco-2 cells showed that both preinfection and postinfection 
treatment with probiotic E. coli Nissle 1917 reduced virus replication and/or 
transcription as compared to the control cells. This might be seen as a reduction 
of virus replication rate. To better recognise the biological background of the 
bacterial treatment, enterocytes’ condition was analysed using a measure of via-
bility, cytotoxicity, and apoptosis (caspase-3 and -7 activation). Enterocytes’ pa-
rameters 4 or 8 h after infection with rotavirus either with or without B. animalis 
BB12 or E. coli Nissle 1917 treatment (both pre- and post-infection) did not dis-
played signifi cant differences (data not shown). However the same parameters 
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Fi g. 9. Box plot displaying the overall range of Ct distribution for each target in qPCR 
analysis. Cellular transcripts encoding glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) and 18S rRNA (RN18S), and Rotavirus segments (NSP1, NSP3, NSP4, 
NSP56, VP1, VP2, VP3 VP4, VP6, and VP7) were analysed. The plot shows high con-
sistency between analyses of biological replicates as indicated by very narrow box for 
cellular transcripts Ct (GAPDH, RN18S) and high variation in rotavirus targets quantity 
among the experimental conditions. The box contains the middle 50% of the data (Ct 
values). The asterisk within box denote the median Ct value. The whiskers indicate the 
minimum and maximum Ct values fi tting within 1.5 × IQR (the interquartile range), 
otherwise would be indicated as outliers by open circles 
Ryc. 9. Wykres pudełkowy przedstawiający zakres rozkładu Ct dla transkryptów ana-
lizowanych techniką qPCR. Ilościowemu oznaczeniu poddano komórkowe transkryp-
ty kodujące dehydrogenazę gliceraldehydo-3-fosforanową (GAPDH) i 18S rRNA 
(RN18S) oraz segmenty rotawirusa (NSP1, NSP3, NSP4, NSP56, VP1, VP2, VP3 VP4, 
VP6, VP7). Wykres pokazuje dużą spójność analizowanych powtórzeń biologicznych, 
o czym świadczy bardzo mały rozrzut wartości Ct dla komórkowych RNA (GAPDH, 
RN18S) i wysoką zmienność w ilości RNA rotawirusa pomiędzy porównywanymi wa-
runkami eksperymentalnymi. Prostokąt zawiera środkowe 50% danych (wartości Ct). 
Gwiazdka w obrębie prostokąta oznacza wartość mediany Ct. Wąsy wskazują minimal-
ne i maksymalne wartości Ct mieszczące się w 1,5 × IQR (zakresu międzykwartylowe-
go), wartości odstające zostały oznaczone przez otwarte kółka
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Fig . 10. Changes of rotavirus genomic segments and transcripts level in Caco-2 cells 
treated with bacteria: B. animalis BB12 (BB12), E. coli Nissle 1917 (EcN) for 4 h and 
untreated (control cells, C). Subsequently infected with rotavirus and further incubated 
for another 4 h (preinfection bacterial treatment). The decrease of rotavirus genomic 
segments and transcripts level is observed in case of E. coli Nissle 1917 treatment for 
NSP3 (p < 0.05; designated with double-asterisk **), NSP56 and VP4 (p < 0.1; desig-
nated with asterisk *). The data was obtained from biological replicates performed in 
triplicate
Ryc. 10. Zmiany ilości segmentów genomowych i transkryptów rotawirusa w komór-
kach Caco-2 stymulowanych bakteriami: B. animalis BB12 (BB12), E. coli Nissle 1917 
(EcN) przez 4 h i komórek kontrolnych (C) niepoddanych działaniu bakterii. Po stymu-
lacji bakteriami komórki enterocytów były poddane infekcji rotawirusem i inkubowane 
przez kolejne 4 h (stymulacja bakteriami poprzedzająca infekcję). Spadek poziomu seg-
mentów genomowych i transkryptów rotawirusa został zaobserwowany w przypadku 
działania E. coli Nissle 1917 dla NSP3 (p < 0,05; oznaczone podwójną gwiazdką **), 
NSP56 i VP4 (p < 0,1; oznaczone pojedynczą gwiazdką *). Dane uzyskano, prowadząc 
analizę trzech biologicznych powtórzeń
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Fig.  11. Changes of rotavirus genomic segments and transcripts level in Caco-2 cells 
infected with rotavirus and incubated for 4 h then treated with bacteria (postinfection 
bacterial treatment): B. animalis BB12 (BB12), E. coli Nissle 1917 (EcN) for another 
4 h and not treated (control cells, C). The clear overall decrease of rotavirus genomic 
segments and transcripts level is observed in case of E. coli Nissle 1917 treatment. The 
statistical analysis indicated that level of VP6 and VP7 was decreased at p < 0.05 con-
fi dence level (designated with double-asterisk **) and NSP1, VP1 and VP2 at p < 0.1 
confi dence level (designated with asterisk *). The data was obtained from biological 
replicates performed in triplicate
Ryc. 11. Zmiany ilości segmentów genomowych i transkryptów rotawirusa w komór-
kach Caco-2 infekowanych rotawirusem, po czym inkubowanych przez 4 h, a następnie 
poddanych stymulacji bakteriami (stymulacja bakteriami po infekcji): B. animalis BB12 
(BB12), E. coli Nissle 1917 (EcN) przez 4 h i komórek kontrolnych (C) nie podda-
nych działaniu bakterii. Wyraźny spadek liczby segmentów i transkryptów rotawirusa 
zaobserwowano po działaniu E. coli Nissle 1917. Analiza statystyczna wykazała istotny 
(p < 0,05) spadek poziomu VP6 i VP7 (oznaczone podwójną gwiazdką **) oraz NSP1, 
VP1, VP2 (p < 0,1; oznaczone pojedynczą gwiazdką *). Dane uzyskano, prowadząc 
analizę trzech biologicznych powtórzeń
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analysis 14 or 18 h after infection with rotavirus showed signifi cant (p < 0.05) 
viability differences only between non-infected and rotavirus pre- and post-in-
fected cells, which showed 62% and 38% reduction in viability, respectively. 
There was also a signifi cant difference in viability (63%) regarding 4 hours-shift 
of infection time (between pre-infected and post-infected regime). No signifi -
cant changes in viability was observed considering bacteria  action (Fig. 12).

Signifi cant 4-fold increase in cytotoxicity (p  < 0.05; Fig. 13) was observed 
only between infected and non-infected cells regardless of treatment with bac-
teria or 4 hours-shift of infection time (between pre-infection and post-infection 
regime). The bacteria treatment neither infl uenced rotavirus-mediated cytotox-
icity nor caused cytotoxicity itself to the differentiated Caco-2 cells after 14 or 
18 h post treatment.

4.3.4. Preinfection bacteria treatment enhances caspase-3/7 activation in 

rotavirus infected enterocytes

A typical cellular response to virus infection is an apoptosis induction. A com-
mon hallmark of the process is activation of caspase pathway. The caspase-3 
and -7 are ‘downstream caspases’, activated by other initiator caspases activated 
by different stimuli, thus an universal marker of apoptosis (Kurokawa and Korn-
bluth, 2009). The rotavirus infection raised signifi cantly caspase-3/-7 activity 
by up to 81% (p < 0.05) in comparison to non-infected cells 18 h pi. Moreover, 
rotavirus-infected differentiated Caco-2 cells pretreated with B. animalis BB12 
or E. coli Nissle 1917 showed increased caspase-3/-7 activity by 24% and 16% 
(respectively, p < 0.05) in comparison to rotavirus-infected differentiated Caco-
2 cells not treated with the bacteria. However, neither signifi cant differences 
were observed regarding type of bacterial strain used for pretreatment of Caco-2 
cells prior to infection, nor in case of post-infection t reatment (Fig. 14). This in-
dicates that contact with bacteria enhances infected enterocytes’ susceptibility to 
apoptosis. The non-infected differentiated Caco-2 cells treated with the bacterial 
strains did not show difference in caspase-3/-7 activity to control cells indicat-
ing that contact with the bacteria did not trigger apoptosis itself. Together with 
the fi nding that E. coli Nissle 1917 reduces replication rate of rotavirus prompt 
infected cell apoptosis may enhance the bacterial strain capability to shorten 
rotavirus infection outcome.

4.3.5. Rotavirus infected undiff erentiated Caco-2 cells preinfection treated 
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Fig.  12. Viability of differentiated Caco-2 cells after 14 h (BR, ER, 0R) or 18 h (RB, 
RE, R0) of infection with rotavirus. The enterocytes were either pre-treated with B. ani-
malis BB12 (B0, BR) or E. coli Nissle 1917 (E0, ER), or post-treated with B. animalis 
BB12 (0B, RB) or E. coli Nissle 1917 (0E, RE). The control cells neither rotavirus-
-infected nor treated with bacteria were designated ‘null’. The viability was measured in 
live-cell protease assay and displayed in relative fl uorescence units (RFU)
Ryc. 12. Żywotność zróżnicowanych komórek Caco-2 po 14 h (BR, ER, 0R) lub 18 h 
(RB, RE, R0) od infekcji rotawirusem. Komórki enterocytów zostały poddane działaniu 
bakterii B. animalis BB12 (B0, BR) lub E. coli Nissle 1917 (E0, ER) przed infekcją 
albo po infekcji B. animalis BB12 (0B, RB) lub E. coli Nissle 1917 (0E, RE). Komórki 
kontrolne niepoddane infekcji ani działaniu bakterii oznaczono ‘null’. Żywotność ko-
mórek mierzono z zastosowaniem analizy proteazy żywych komórek i przedstawiono 
jako wartości intensywności fl uorescencji (RFU)
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Fig. 1 3. Cytotoxicity of differentiated Caco-2 cells after 14 h (BR, ER, 0R) or 18 h (RB, 
RE, R0) of infection with rotavirus. The cells were either pre-treated with B. animalis 
BB12 (B0, BR) or E. coli Nissle 1917 (E0, ER), or post-treated with B. animalis BB12 
(0B, RB) or E. coli Nissle 1917 (0E, RE). The control cells neither rotavirus-infected 
nor treated with bacteria were designated ‘null’. The cytotoxicity was measured in dead-
-cell protease assay and displayed in relative fl uorescence units (RFU)
Ryc. 13. Cytotoksyczność zróżnicowanych komórek Caco-2 po 14 h (BR, ER, 0R) lub 
18 h (RB, RE, R0) od infekcji rotawirusem. Komórki enterocytów zostały poddane 
działaniu bakterii B. animalis BB12 (B0, BR) lub E. coli Nissle 1917 (E0, ER) przed 
infekcją albo po infekcji B. animalis BB12 (0B, RB) lub E. coli Nissle 1917 (0E, RE). 
Komórki kontrolne nie poddane infekcji ani działaniu bakterii oznaczono ‘null’. Cyto-
toksyczność komórek mierzono z zastosowaniem analizy proteazy martwych komórek 
i przedstawiono jako wartości intensywności fl uorescencji (RFU)
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Fig. 14 . Caspase-3 and -7 activity (a measure of apoptosis) in differentiated Caco-2 cells 
after 14 h (BR, ER, 0R) or 18 h (RB, RE, R0) of infection with rotavirus. The cells were 
either pre-treated with B. animalis BB12 (B0, BR) or E. coli Nissle 1917 (E0, ER), 
or post-treated with B. animalis BB12 (0B, RB) or E. coli Nissle 1917 (0E, RE). The 
control cells neither rotavirus-infected nor treated with bacteria were designated ‘null’. 
The caspase-3/7 activity was measured in luminescence assay and displayed in relative 
luminescence units (RLU)
Ryc. 14. Aktywność kaspazy-3 i -7 w komórkach Caco-2 po 14 h (BR, ER, 0R) lub 18 h 
(RB, RE, R0) od infekcji rotawirusem. Komórki enterocytów zostały poddane działaniu 
bakterii B. animalis BB12 (B0, BR) lub E. coli Nissle 1917 (E0, ER) przed infekcją 
albo po infekcji B. animalis BB12 (0B, RB) lub E. coli Nissle 1917 (0E, RE). Komórki 
kontrolne niepoddane infekcji ani działaniu bakterii oznaczono ‘null’. Aktywność ka-
spazy-3 i -7 mierzono z zastosowaniem analizy luminescencyjnej i przedstawiono jako 
wartości intensywności luminescencji (RLU)
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with E. coli Nissle 1917 do not undergo cell death

To further investigate possible differences between B. animalis BB12 and E. 
coli Nissle 1917 pre- and post-infection enterocyte treatments on rotavirus in-
fection dynamics, a real-time label-free monitoring of cells fate was performed. 
In this experiment, due to technical limitations, a confl uent but non-differentiat-
ed Caco-2 cells were used. Normalized cell index (CI) of Caco-2 cells showed 
that the attachment and establishment of fully confl uent cell monolayer was 
achieved after 58 h of cel l culture (Fig. 15, plot A). The cells were maintained 
for another 31 h to ensure culture stability. 

After 90 h of culture the Caco-2 monolayer was either infected with rota-
virus RIX4414, or treated with B. animalis BB12 or E. coli Nissle 1917 and 
further cultivated. After another 4 h the cells were postinfection treated with 
either of the two bacterial strains, or post-bacterial treatment infected with the 
rotavirus to reproduce infection/treatment timings from previous experiments. 
Based on the dynamic monitoring for 48 h pi of the Caco-2 cells infected with 
the rotavirus RIX4414 showed no change in CI. Similarly, no change in CI was 
observed in control cells (neither treated with a bacteria nor infected with virus) 
and cells treated with the bacterial strains only, and cells treated with the Nissle 
1917 strain followed by infection with the  rotavirus (Fig. 15, plot B). The cells 
postinfection treated with either B. animalis BB12 or E. coli Nissle 1917, and 
preinfection treated with B. animalis BB12 exhibited different onset times and 
appearance of cytopathic kinet ic patterns (Fig. 15, plot B: RB, RE, and BR, re-
spectively). The postinfection treatement with E. coli Nissle 1917 lead to rapid 
rise of CI with maximum at 12 h pi followed by steady decline of CI till com-
plete culture deat h at 38 h pi (Fig. 15, plot B: RE). The preinfection treatment 
with E. coli Nissle 1917 caused a minute rise of CI. However there was no dif-
ference in CI curve shape as compared to non-infected cells or infected but not 
treated with  any bacteria (Fig. 15, plot B: ER vs C or R). In both cases of the E. 
coli Nissle 1917 treatment of infected Caco-2 cells they showed caspase-3 /-7 
activation (Fig. 14). However only in the case of postinfection treatment the ac-
tivation of the caspases triggered cell death. In case of the preinfection treatment 
cell culture did not display any cytopathic characteristic for 48 h pi as analysed 
with xCelligence system. The B. animalis BB12 treatment of infected Caco-2 
cells caused increase of CI followed  by its decline (Fig. 15, plot B: BR and RB). 
The increase of CI in case of the B. animalis BB12 treatments were much slower 
as compared to the E. coli Nissle 1917 posttreatment, reaching maximum at 26 
h pi (the pretreatment) and 30 h pi (the posttreatment). The decline of CI of the 
preinfection B. animalis BB12 treated Caco-2 cells was rapid, step-like curve. 
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The B. animalis BB12 treated Caco-2 cells, both pre- and postinfection, showed 
caspase-3/-7 activation however cytopathic effects occurred in much later onset 
than the E. coli Nissle 1917 postinfection treatment. 

4.3.6. Escherichia coli Nissle 1917 modifi es expression of virus infection-

-related genes

To further investigate the biological processes involved in reduction of rotavirus 
RNA level by the E. coli Nissle 1917 strain expression level of cellular genes 
involved in response to virus was verifi ed using qPCR which gives more pre-
cise results than microarrays. The complementary DNA obtained from differ-
entiated Caco-2 cells treated with B. animalis BB12 and E. coli Nissle 1917 
prior to and after infection with the RIX4414 rotavirus were used for cellular 
gene expression level analysis. The qPCR assay using ΔΔCt method with 18S 
rRNA as a reference gene was performed. The transcript levels in pre- and 
post-infection bacteria treated cells were compared to infected but non-treated 
with bacteria enterocytes. The results of the assay on 93 virus respon se related 
genes (Table 10) showed signifi cant changes in transcript level of 39 genes (p < 
0.05). Raising the statistical signifi cance level to p = 0.1 yields ten more differ-
entially expressed genes. The preinfection bacterial treatment modifi ed cellular 
gene expression in an opposite direction under infl uence of the two bacterial 
strains only in case of 13 genes for p < 0.05. These are: AIM2, APOBEC3G, 
CCL3, CCL5, CD40, IFI44L, IFNA2, IFNB1, IL12B, NLRP3, NOD2, PSTPIP1, 
TLR9. Considering statistical signifi cance at p < 0.1 the list includes also: AZI2, 
CARD8, CASP1,CASP8. An additional 13 gene products (p < 0.05; CXCL11, 
FADD, HSP90AA1, IFIH1, IL8, IRAK1, MAP3K1, PIN1, PYDC1, RIPK1, TBP, 
TNF, TRIM25) might contribute to protective E. coli Nissle 1917 action as their 
expression was signifi cantly changed by the Nissle 1917 strain but not by the 
BB12 strain. Genes HPRT1 and IRF9 join that list for p < 0.1. These genes are 
involved in several biological processes related to virus infection that are more 
precis ely categorised in Table 11. Some of the genes communicate the entero-
cyte with surrounding cells (e.g. immune cells) informing on the ongoing virus 
infection. Thus the analysed response reaches further than cellular level only. 

Table 1 0. Gene expression changes (relative quantity; RQ) in Caco-2 cells after treatment 
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Fig. 15.  Dynamic monitoring of Caco-2 cells attachment to growth surface and estab-
lishment of fully confl uent monolayer (plot A, time 0 to 89 h), and cells fate during 
rotavirus infection and bacterial treatment (plot B, time 89 to 137.5 h). Resistance of the 
growth medium was used as a baseline (null, blue) for cell index calculation. Control 
Caco-2 cells (C, magenta) neither infected nor treated with bacteria displayed stable CI 
value. Both B. animalis BB12 (B, green), E. coli Nissle 1917 (E, cyan) treated, and ro-
tavirus RIX4414 infected (R, red) Caco-2 cells did not differed in CI value from control 
cells for the duration time of the experiment. Escherichia coli Nissle 1917 pretreated 
and than infected with the rotavirus  Caco-2 cells (ER, coral) displayed stable but slight-
ly elevated CI. Whereas B. animalis BB12 pre- and postinfection treated (BR, slate blue 
and RB, dark green, respectively), and postinfection E. coli Nissle 1917 treated  (RE, 
blue violet) Caco-2 cells showed increase of CI followed by its decline. Results are pre-
sented as average values from a quadruplicate measurements
Ryc. 15. Wykres przedstawiający przyżyciowy monitoring przyczepu komórek Caco-2 
do powierzchni naczynia hodowlanego i utworzenia monowarstwy o pełnej konfl uencji 
(wykres A, czas od 0 do 89 h) oraz zmian w tych procesach podczas przebiegu infekcji 
rotawirusowej i stymulacji bakteriami (wykres B, czas od 89 do 137,5 h). Oporność 
pożywki hodowlanej została użyta jako wartość bazowa (oznaczone ‘null’, kolor niebie-
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with B. animalis BB12 (BB12) or E. coli Nissle 1917 (EcN) either preinfected or postin-
fected with Human Rotavirus A G1P[8] strain RIX4414 as normalised to 18S rRNA level. 
Values in bold numbers represent signifi cantly altered (p < 0.05) gene expression fold-change 

Tabela 10. Względne zmiany ekspresji genów (RQ) w komórkach Caco-2 stymulowanych 
B. animalis BB12 (BB12) lub E. coli Nissle 1917 (EcN). Enterocyty zostały zainfekowane 
ludzkim rotawirusem A G1P[8] szczep RIX4414 przed lub po stymulacji komórkami bakte-
rii. Zmiany ekspresji genów były normalizowane względem ilości transkryptów 18S rRNA. 
Wartości statystycznie istotne (p < 0,05) zostały zapisane pogrubioną czcionką  

Gene 
symbol

Preinfection bacterial treatment Postinfection bacterial treatment
BB12 EcN BB12 EcN

RQ p-value RQ p-value RQ p-value RQ p-value
1 2 3 4 5 6 7 8 9

ACTB 3.81 0.0336 1.00 0.993 0.13 0.4231 0.14 0.4273
AIM2 0.88 0.0432 1.27 0.0083 0.35 0.4638 0.26 0.4118
APOBEC3G 0.88 0.0432 1.27 0.0083 1.20 0.3118 0.88 0.3275
ATG5 2.72 0.0063 0.55 0.1222 0.48 0.1303 0.68 0.4518
AZI2 1.91 0.0962 0.59 0.0671 0.71 0.0878 0.53 0.0239
B2M 1.01 0.9793 0.79 0.3592 0.97 0.89 0.82 0.4237
CARD8 2.30 0.0849 0.42 0.0609 1.55 0.2807 1.24 0.6797
CASP1 1.83 0.0054 0.58 0.081 0.65 0.2611 0.54 0.1726
CASP10 3.97 0.0141 3.13 0.0823 0.78 0.2046 0.56 0.0678
CASP8 1.58 0.0523 0.64 0.0005 0.95 0.892 1.00 0.9887
CCL3 0.88 0.0432 11.79 0.0066 0.42 0.4482 0.96 0.9641
CCL5 0.88 0.0432 1.27 0.0083 1.20 0.3118 0.88 0.3275

Table 10 cont.

ski) dla ustalenia indeksu komórkowego (CI). Komórki kontrolne Caco-2 niepoddane 
infekcji ani stymulacji bakteriami dawały stały odczyt indeksu komórkowego (C, kolor 
karmazynowy). Komórki Caco-2 stymulowane B. animalis BB12 (B, kolor zielony), E. 
coli Nissle 1917 (E, kolor turkusowy) oraz infekowane rotawirusem RIX4414 (R, kolor 
czerwony) nie wykazywały odmiennych wartości CI od wartości odnotowanych dla ko-
mórek kontrolnych w czasie przebiegu eksperymentu. Komórki Caco-2 stymulowane E. 
coli Nissle 1917, po czym infekowane rotawirusem (ER, kolor koralowy) uzyskały pod-
wyższony, ale stabilny indeks komórkowy. Komórki Caco-2 stymulowane B. anima-
lis BB12 przed lub po infekcji (odpowiednio BR, szaroniebieski i RB, ciemnozielony) 
oraz stymulowane E. coli Nissle 1917 po infekcji  (RE, niebieskofi oletowy) wykazywa-
ły wzrastający, a następnie opadający indeks komórkowy. Krzywe zostały wykreślone 
jako średnia z czterech wartości pomiarowych
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1 2 3 4 5 6 7 8 9
CD40 0.88 0.0432 1.27 0.0083 2.61 0.3997 5.22 0.4312
CD80 1.11 0.9154 1.67 0.5742 0.35 0.3785 0.07 0.2452
CD86 0.27 0.4055 0.38 0.4715 1.20 0.3118 0.88 0.3275
CHUK 2.59 0.1753 2.02 0.4073 0.32 0.5005 0.32 0.5047
CTSB 9.35 0.193 0.56 0.5952 0.80 0.6063 1.72 0.2994
CTSL1 1.24 0.3686 0.86 0.1292 1.30 0.0886 1.17 0.2587
CTSS 9.42 0.0577 1.95 0.3212 0.59 0.3889 0.54 0.3437
CXCL10 75.73 0.0387 160.15 0.0129 0.86 0.7309 0.65 0.4185
CXCL11 3.61 0.2127 1.27 0.0083 1.02 0.9846 1.90 0.3113
CXCL9 7.26 0.1552 0.53 0.4072 2.13 0.4434 0.49 0.5248
CYLD 6.78 0.0482 1.61 0.5499 0.92 0.9079 0.68 0.6559
DAK 16.04 0.335 1.39 0.6497 0.19 0.2823 0.26 0.3116
DDX3X 1.36 0.4679 0.46 0.2912 1.02 0.9479 0.70 0.2617
DDX58 7.08 0.1638 1.79 0.4913 0.29 0.2257 0.16 0.1791
DHX58 3.80 0.2728 0.32 0.4903 0.37 0.4526 0.15 0.3347
FADD 1.41 0.6242 0.23 0.0094 0.89 0.8933 0.76 0.7548
FOS 2.08 0.2817 1.37 0.3683 1.36 0.4929 1.02 0.968
GAPDH 0.89 0.2929 0.96 0.8062 1.00 0.9735 0.87 0.2672
HERC5 1.47 0.1201 0.75 0.3456 1.1216 0.3126 0.90 0.6614
HPRT1 3.35 0.2312 0.60 0.0786 1.04 0.8434 0.67 0.2401
HSP90AA1 1.32 0.3807 0.39 0.0445 1.84 0.2061 1.08 0.6851
IFI44L 0.88 0.0432 1.27 0.0083 1.20 0.3118 0.88 0.3275
IFIH1 2.09 0.1734 0.35 0.004 5.45 0.4592 0.79 0.7546
IFNA1 0.25 0.4009 1.06E+8 0.4226 0.14 0.4258 0.51 0.6338
IFNA2 0.88 0.0432 1.27 0.0083 1.20 0.3118 3.04 0.4563
IFNAR1 0.64 0.6588 2.90 0.2914 1.18 0.8549 0.63 0.7229
IFNB1 0.88 0.0432 1.27 0.0083 1.20 0.3118 0.88 0.3275
IKBKB 3.99 0.3294 0.81 0.5773 4.59 0.3692 0.79 0.7377
IKBKG 0.20 0.1344 0.12 0.1203 3.00 0.1768 3.91 0.3094
IL12A 1.87 0.3765 1.30 0.4606 2.62 0.0831 5.19 0.163
IL12B 0.88 0.0432 1.27 0.0083 1.20 0.3118 0.88 0.3275
IL15 1.10 0.8833 0.29 0.1408 1.49 0.624 0.93 0.8558
IL18 3.43 0.0649 0.93 0.9121 0.47 0.4987 0.48 0.5027
IL1B 6.51 0.129 17.66 0.139 0.96 0.9373 0.73 0.6143
IL6 3.04 0.2424 10.23 0.1824 0.93 0.881 1.59 0.2192
IL8 57.94 0.1119 445.69 0.0252 6.78 0.0035 13.98 0.0109
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1 2 3 4 5 6 7 8 9
IRAK1 3.20 0.328 0.46 0.0001 1.69 0.35 0.72 0.5331
IRF3 1.65 0.6258 0.11 0.1494 0.61 0.5108 0.13 0.2099
IRF5 0.28 0.1642 0.85 0.7732 1.69 0.4636 2.04 0.2556
IRF7 0.52 0.3816 0.13 0.1768 0.86 0.8339 0.78 0.7153
IRF9 2.45 0.1802 0.33 0.0623 1.39 0.2645 0.77 0.4765
ISG15 0.94 0.8763 1.92 0.5647 1.23 0.7284 0.99 0.9875
JUN 2.29 0.119 3.37 0.1888 1.02 0.9595 0.78 0.5396
MAP2K1 1.99 0.2591 0.98 0.9258 0.61 0.2569 0.43 0.1499
MAP2K3 1.87 0.1133 0.92 0.6694 0.78 0.6289 0.55 0.362
MAP3K1 1.39 0.4683 1.78 0.0214 0.44 0.3381 1.16 0.5681
MAP3K7 0.86 0.8685 0.35 0.1657 0.90 0.8517 0.53 0.3919
MAPK1 0.77 0.6857 0.39 0.1272 0.005 0.0812 0.004 0.081
MAPK14 0.74 0.6856 0.21 0.2175 0.34 0.2942 0.16 0.2182
MAPK3 0.72 0.4451 0.45 0.2807 4.33 0.39 1.00 0.9943
MAPK8 3.76 0.179 0.79 0.5034 0.54 0.3723 0.47 0.32
MAVS 1.84 0.1991 0.89 0.7761 1.06 0.7364 0.83 0.1674
MEFV 7.79 0.1746 1.25 0.6026 2.41 0.3484 0.78 0.4768
MX1 3.74 0.2871 5.53 0.4402 1.41 0.6094 0.65 0.3351
MYD88 3.70 0.3435 0.55 0.4574 5.11 0.0638 3.96 0.1084
NFKB1 1.79 0.0186 1.91 0.5649 2.48 0.1465 2.46 0.0193
NFKBIA 2.12 0.3601 11.30 0.4181 6.51 0.3756 10.28 0.0272
NLRP3 0.88 0.0432 1.27 0.0083 1.20 0.3118 0.88 0.3275
NOD2 0.88 0.0432 1.27 0.0083 2.91 0.3484 0.88 0.3275
OAS2 2.18 0.2621 1.88 0.423 1.52 0.6234 3.49 0.4316
PIN1 1.20 0.4649 0.60 0.0309 1.04 0.7297 0.74 0.2469
PSTPIP1 0.88 0.0432 1.27 0.0083 1.20 0.3118 0.88 0.3275
PYCARD 2.60 0.3138 1.02 0.9115 0.15 0.2569 0.34 0.3537
PYDC1 2.80 0.4441 1.27 0.0083 1.20 0.3118 0.88 0.3275
RELA 1.39 0.2867 0.92 0.8313 3.96 0.1432 1.48 0.2207
RIPK1 1.22 0.5297 0.23 0.0351 1.25 0.6855 0.33 0.3395
RIPK2 15.43 0.3729 2.30 0.1695 1.01 0.9739 0.76 0.4373
RPLPO 3.30 0.3823 0.3696 0.115 0.58 0.204 0.67 0.3094
SPP1 0.76 0.8071 1.04 0.9711 1.01 0.9445 5.45 0.449
STAT1 1.74 0.0179 1.19 0.7217 0.98 0.88 0.73 0.0704
SUGT1 6.30 0.2315 1.53 0.6755 0.75 0.7558 0.37 0.466
TBK1 3.66 0.3735 0.67 0.4476 1.98 0.2122 1.14 0.6572
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1 2 3 4 5 6 7 8 9
TBP 3.46 0.1036 0.37 0.0197 1.34 0.5901 1.01 0.9926
TICAM1 15.66 0.2626 6.58 0.1891 5.31 0.1759 4.14 0.0106
TLR3 0.90 0.8992 0.79 0.6399 2.02 0.3663 1.51 0.3499
TLR7 1.94 0.3344 1.53 0.5264 3.19 0.0016 2.79 0.1396
TLR8 0.52 0.5342 0.34 0.4037 1.73 0.6101 1.70 0.4602
TLR9 0.88 0.0432 1.27 0.0083 0.31 0.4568 0.22 0.4135
TNF 11.58 0.2242 30.53 0.0089 2.79 0.3022 2.22 0.2415
TRADD 0.80 0.3491 0.81 0.5104 1.51 0.345 0.99 0.9859
TRAF3 2.65 0.2112 2.21 0.2106 0.91 0.863 0.84 0.709
TRAF6 7.64 0.354 1.31 0.353 2.10 0.0902 1.72 0.1621
TRIM25 1.32 0.2835 1.57 0.0127 1.24 0.4193 0.88 0.4681

 Table 11. Selected biological processes related to virus infection and genes involved in these 
processes which expression level was signifi cantly changed by B. animalis BB12 and/or E. 
coli Nissle 1917 during rotavirus infection of differentiated Caco-2 cells (Huang da et al., 
2009)
Tabela 11. Wybrane procesy biologiczne związane z infekcją wirusową i geny, których pro-
dukty uczestniczą w tych procesach, o istotnie zmienionym poziomie ekspresji przez B. ani-
malis BB12 i/lub E. coli Nissle 1917 podczas infekcji rotawirusem zróżnicowanych komórek 
Caco-2 (Huang da i in., 2009)

Biological process Genes
1 2

Antiviral defense APOBEC3G, IFIH1, IFNA2, IFNB1, IRF9, STAT1, 
TICAM1, TRIM25

Apoptosis ATG5, CARD8, CASP1, CASP10, CASP8, FADD, 
IFIH1, IFNA2, IFNB1, IL12A, IL12B, IRAK1, 
MAP3K1, MAPK1, MYD88, NFKB1, NFKBIA, 
NLRP3, NOD2, RIPK1, STAT1, TICAM1, TNF, TRAF6

Cytokine production and 
cytokine signaling 

CARD8, CASP1, CCL3, CCL5, CD40, CXCL10, 
CXCL11, IL12A, IL12B, IL18, IL8, MAPK1, MYD88, 
NFKB1, NFKBIA, NLRP3, NOD2, PYDC1, STAT1, 
TICAM1, TLR7, TLR9, TNF, TRAF6

Cytokine-cytokine receptor 
interaction

CCL3, CCL5, CD40, CXCL10, CXCL11, IFNA2, 
IFNB1, IL12A, IL12B, IL18, IL8, TNF 
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1 2
Defense response APOBEC3G, CCL3, CCL5, CD40, CXCL10, CXCL11, 

IFIH1, IFNA2, IFNB1, IL12A, IL8, MYD88, NFKB1, 
NLRP3, NOD2, PYDC1, TICAM1, TLR7, TLR9, TNF

Host-virus interaction APOBEC3G, FADD, IFIH1, MAPK1, NFKBIA, STAT1, 
TBP, TRIM25

Immune response AIM2, APOBEC3G, CCL3, CCL5, CD40, CTSS, 
CXCL10, CXCL11, IFI44L, IFIH1, IL12A, IL12B, 
IL18, IL8, IRAK1, MAPK1, MYD88, NFKBIA, NLRP3, 
NOD2, PYDC1, TICAM1, TLR7, TLR9, TNF, TRAF6, 
TRIM25

Infl ammatory response CCL3, CCL5, CD40, CXCL10, CXCL11, IFNA2, IL8, 
MYD88, NFKB1, NLRP3, TICAM1, TLR7, TLR9, TNF 

Innate immune response APOBEC3G, IFIH1, IFNB1, IL12A, IL12B, IRAK1, 
MYD88, NFKBIA, NOD2, PYDC1, TICAM1, TLR7, 
TLR9

Jak-STAT signalling IFNA2, IFNB1, IL12A, IL12B, IRF9, STAT1
Lipopolysaccharide-mediated 
signalling 

IRAK1, MAPK1, NFKBIA, STAT1, TICAM1

MAPKinase signalling MAP3K1, MAPK1, NFKB1, NFKBIA, RIPK1, STAT1
NF-kB signalling AZI2, CARD8, CASP1, CASP8, CD40, FADD, IRAK1, 

MAP3K1, MYD88, NFKB1, NFKBIA, NOD2, RIPK1, 
STAT1, TICAM1, TLR7, TLR9, TNF, TRAF6 

NOD-like receptor signalling Receptors and signalling: CARD8, CASP1, CASP8, 
CCL5, HSP90AA1, MAPK1, NFKB1, NFKBIA, 
NLRP3, NOD2, PSTPIP1, PYDC1, TRAF6 
Responsive genes: IL18, IL8, TNF

Pattern recognition receptor 
signalling 

IRAK1, MYD88, NFKBIA, NOD2, TICAM1, TLR7

Protein kinase cascade AZI2, CARD8, CASP1, CASP8, CD40, FADD, IL12A, 
IRAK1, MAP3K1, MAPK1, MYD88, NFKBIA, NOD2, 
RIPK1, STAT1, TICAM1, TLR7, TLR9, TNF, TRAF6

Regulation of transcription IFNB1, IRAK1, IRF9, MAP3K1, MAPK1, MYD88, 
NFKB1, NFKBIA, NLRP3, NOD2, PYDC1, RIPK1, 
STAT1, TBP, TICAM1, TNF

Regulation of viral reproduction APOBEC3G, CCL3, CCL5, IFNB1, IL8, MAP3K1, 
TNF

Response to bacterium CCL5, IFNB1, IL12A, IRAK1, MAPK1, MYD88, 
NFKBIA, NOD2, STAT1, TICAM1, TLR9, TNF

Response to exogenous dsRNA MAPK1, NFKBIA,NOD2, STAT1, TICAM1
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1 2
Response to virus APOBEC3G, CCL5, IFIH1, IFNA2, IFNB1, IRF9, 

NLRP3, STAT1, TICAM1, TLR7, TLR9, TNF
RIG-I-like receptor signalling Receptors and chaperones: CYLD, IFIH1, TRIM25

Downstream signalling: ATG5, AZI2, CASP10, 
CASP8, FADD, MAP3K1, NFKB1, NFKBIA, PIN1, 
RIPK1, TNF, TRAF6
Responsive genes: CXCL10, IFNA2, IFNB1, IL12A, 
IL12B, IL8 

Toll-like receptor signalling Receptors and chaperones: TLR7, TLR9
Downstream signalling: CASP8, FADD, IRAK1, 
MAP3K1, MAPK1, MYD88, NFKB1, NFKBIA, RIPK1, 
STAT1, TICAM1, TNF, TRAF6
Responsive genes: CCL3, CCL5, CD40, CXCL10, 
CXCL11, IFNA2, IFNB1, IL12A, IL12B, IL8
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5. Discussion

5.1. ENTEROCYTE GENE EXPRESSION RESPONSE TO BACTERIA

Data published by other research groups reports that microorganisms are capa-
ble of changing the level of expression from 0.35% to 13% of genes in epithelial 
cells (Belcher et al., 2000; Eckmann et al., 2000; Fukushima et al., 2003; Pani-
grahi et al., 2007; Pedron et al., 2003; Rosenberger et al., 2000). However, dif-
ferent methodological approaches used by different research groups to analyse 
results (such as a biased cut-off point) might have impact on the data. Results 
presented in this work, using the same methodology for all tested microorgan-
isms, show that depending on the strain considered the responses affected from 
1.23% to 9.26% of genes ( Table 3). This follows the data from the literature.

All available meta-data analyses bear unavoidable ambiguity of differenc-
es in methodological approach of experimental procedure and data analysis 
(Schmidt et al., 2011). Therefore this might be the fi rst research that covers such 
a large number of microorganisms analysed with the same methodology. 

Comparison of the number of differential genes did not provide any correla-
tion in terms of groups of the studied microorganisms that could be set with the 
current state of knowledge. For the number of microorganisms studied the tran-
scriptional response of the enterocytes was specifi c for the strain used. A total 
number of 10.7 thousands genes were responsive to the microorganisms studied. 
However, 3.9 thousands genes were modulated by more than one strain.

The highest consistency in joint differentially expressed genes modulated 
in the same pattern of expression remained between probiotic and commen-
sal strains and the most divergent were probiotic and pathogenic strains. This 
was the most expected result since the border between probiotic and commen-
sal is blurred in contrast to probiotic versus pathogen. Similarly, the groups of 
commensals and pathogens may share a portion of the same traits. It is widely 
known that some commensal bacteria can cause disease in case of immune sys-
tem failure becoming opportunistic pathogens. Pathogens are defi ned as micro-
organisms that encode virulence factors in their genomes. The factors allow the 
microorganism to colonize host, modulate its immune response, and damage 
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tissues. Some of the virulence factors are toxins that are potent immunestimula-
tors (e.g. LPS) or interfere with certain biochemical pathways in the host (Keen, 
2012). Except of destructive enzymes and toxins the other virulence factors may 
have their analogous components in non-pathogenic bacteria. Therefore some 
similarities in responses to bacteria regardless their overall infl uence on host can 
be expected. 

Comparison of single strain responsome to group responsome may specify 
outlier to a group that it was assigned to. Conversely, a similarity of gene ex-
pression pattern of specifi c group to single microorganism assigned to a differ-
ent group can indicate somehow similar action (e.g. L. casei DN114001 or L. 
casei Shirota vs. commensals). An opposite action identifi ed for probiotic versus 
pathogenic strain may indicate a strain of choice for preventing the pathogen’s 
action. In case of two probiotic strains of opposite gene modulation scheme such 
knowledge suggests that they should not be put together in dietary supplement 
as they may deliver an antagonistic action. 

The cluster analysis of gene expression showed low similarity in the response 
of the epithelial cells to the tested strains. The responsomes did not refl ect the 
taxonomic relationship of the strains in any manner. This was clearly visible in 
the examples of strains of the E. coli and L. casei strains, and of Lactobacillus 
sp. The only exception was for B. animalis strains. There were also no signifi -
cant differences between the responses of differentiated Caco-2 enterocytes to 
the strains of probiotic, pathogenic, and commensal nature. Such a variation in 
response of the epithelial cells to microorganisms may result from the enormous 
diversity observed in the bacterial kingdom.

The highest similarity was observed between responsomes derived from dif-
ferentiated Caco-2 enterocytes interacting with strains of B. animalis. This may 
result from the high homogeneity of genomes of this species, which is clonal 
and genetic variation is limited to intergenic regions and short palindromic re-
peats (Bottacini et al., 2010). Comparison of complete genome sequences of six 
strains of B. animalis subsp. lactis showed their similarity ranging from 82.5% 
to 99.5% at a very low diversity of genome sizes from 1.915 to 1.944 Mbp and 
capacity from 1528 to 1642 protein coding genes. Analysis of complete genome 
sequences of 19 members of the Bifi dobacterium genus showed that the core 
genome consists of 724 gene families (approximately 46% of the capacity of 
the B. animalis genome), while the pan-genome was estimated to be 6980 gene 
families (Bottacini et al., 2010; Lukjancenko et al., 2012). Much higher genetic 
diversity can be observed within the Lactobacillus genus, where the analysis of 
full genome sequences of 21 representatives showed that this genus has a com-
mon gene pool of 363 gene families (core genome), and pan-genome extends 
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over 13 069 gene families. Similarity of the genomes of strains of: L. casei is ap-
proximately 70% (with a capacity of their genomes ranging from 2771 to 3044 
genes), L. casei and L. rhamnosus – from 55.5% to 59.3% (with a capacity of 
L. rhamnosus strain genomes from 2834 to 2944 genes). However, similarity 
of the genomes of strains of L. casei or L. rhamnosus to L. acidophilus is only 
about 13% (with the volume of L. acidophilus WNCF genome consisting of 
1862 genes; Lukjancenko et al., 2012). Strains of E. coli contain larger genomes 
(ranging from 4.557 to 5.933 Mbp with their capacity from 4084 to 5803 genes) 
that gives 1472 gene families constituting the core genome and pan-genome con-
sisting of 13 296 gene families (data obtained from the analysis of the complete 
genomic sequences of the 53 strains of E. coli; Lukjancenko et al., 2010). With 
the individual differences between strains of up to 1459 genes (Sun et al., 2005). 
Such a large diversity of genetic information of even taxonomically very close-
ly related microorganisms may explain the lack of correlation between human 
cells’ responsomes treated with the selected bacterial strains. The fi nding is in 
agreement to the European Food Safety Authority (EFSA) group of experts sci-
entifi c opinion in relation to health claims proposed for some probiotics “…that 
owing to the strain-specifi city of the effects, the evidence obtained for one strain 
cannot be extrapolated to another…” (EFSA, 2009). Therefore an outcome of 
host-microbe interaction is highly strain specifi c. There is a tremendous work to 
be done to correlate a specifi c trait to bacterial genetic information. Even though 
a whole genome sequence knowledge indicating that a genome harbours an or-
thologous gene does not prove the gene is functional. A comparative genomic 
and functional analysis of 100 L. rhamnosus strains showed that, despite a group 
of 11, strains share the same set of genes and display signifi cant phenotypic vari-
ations. These differences might be due to i.e. single nucleotide polymorphisms, 
insertions and deletions not usually addressed in multiple genome comparison. 
Moreover, use of a reference genome for assembly of sequences obtained by 
next generation sequencing may cause oversight of strain-specifi c genes present 
in different isolates (Douillard et al., 2013).

The KEGG Pathway database search returned the highest number of 
genes assigned to metabolic pathways map. However, it might be a result 
of excellent knowledge on metabolic pathways and cycles, as well as thor-
ough annotation of gene products involved in them; not necessarily due 
to the most potent infl uence of bacteria on this kind of biological processes. 
Several targets of the bacteria tested were identifi ed in diseases directly connect-
ed to gastrointestinal tract (e.g. Salmonella infection, bacterial invasion of epi-
thelial cells, H. pyroli infection, colorectal cancer, Shigellosis and IBD). Modu-
lation of genes involved in diseases indicates possible use of bacterial strains in 
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treatment. But also may point etiology agent or reveal therapeutic targets in case 
of diseases induced by pathogens.

Analysis of GO Slim terms showed that E. coli Nissle 1917 produced the 
most divergent response. Overrepresentation of GO Slim term ‘multi-organism 
process’ suggests that mechanisms to react to alterations of external conditions 
or presence of different species and to adapt the transcriptome accordingly were 
more active in presence of the E. coli Nissle 1917 strain than the other. Another 
explanation of the response, further supported by overrepresented GO Slim term 
‘chromosome’, could be the genotoxic action of the strain. This feature was indi-
cated as essential for probiotic action of the strain (Olier et al., 2012). The E. coli 
Nissle 1917 induces a transient DNA damage response in enterocytes leading to 
formation of phosphorylated H2AX foci (Cuevas-Ramos et al., 2010) a princi-
pal component of chromatin involved in the detection, signalling, and repair of 
DNA double-strand breaks (Chen et al., 2013). Overrepresentation of GO slim 
terms regarding down-regulated expression of genes implicated in ‘ion binding’ 
and ‘oxygen binding’ indicates also the strain’s metabolic modulatory activity.

Enterocytesʼ responsome to E. coli ATCC 10536 was characterised by over-
representation of up-regulated genes involved in GO Slim term ‘cell projection’. 
This action is characteristic for pathogenic bacteria to target cytoskeletal compo-
nents, these include actin, microtubules, dynein, and endocytosis-associated pro-
tein dynamin. The pathogenic bacteria action results in the formation of a ‘ped-
estal’ on the host-cell surface, where the pathogen resides (Bhavsar et al., 2007). 
Whereas signifi cant changes in GO Slim term ‘cell communication’ indicate that 
the strain mediates interaction between an enterocyte and its surroundings. 

The responsomes to the three strains: B. animalis MK2, E. coli Nissle 1917, 
and E. coli ATCC 10536 characterised by over- and under-representation of 
certain GO Slim terms were encountered in case of the strains that modulated 
lower than an average number of differentially expressed genes in differentiated 
Caco-2 enterocytes (see  Table 3). The underrepresentation of a GO Slim term 
might be explained by low number of differentially modulated genes, whereas 
the overrepresentation might not. Therefore, this kind of exploration may have 
signifi cant potential.

5.2. BIOLOGICAL SIGNIFICANCE OF BACTERIAL STIMULI

The host cell response is strain specifi c and bacteria tested were shown to modu-
late approximately 30% of human genes.The KEGG pathway results uncovered 
that despite enormous diversity of modulated genes bacteria target similar biolog-
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ical pathways. Due to manual curation of the KEGG database it contains limited 
number of entries. Therefore, for more informative results, Gene Ontology (GO) 
was used. The GO is structured and controlled vocabulary (ontology) that de-
scribes gene products in terms of their associated biological processes (also cellu-
lar components and molecular function).  The Homo sapiens Reference genome 
GO Annotation contained 18426 gene products annotated with total 298243 an-
notations for Jun 11, 2014 (according to Gene Ontology website 2014). 

Data mining of Gene Ontologies for specifi c biological processes modi-
fi ed by groups of microorganisms indicated two processes for both commen-
sals and pathogens. Commensals modifi ed signal transduction components 
(GO:0046580, GO:0051058). Both processes are involved in signalling path-
ways of many possible outcomes. Among others they are involved in regulation 
of cell communication, apoptosis, development, metabolism, cell cycle, cell ad-
hesion, and immune system processes primarily through EGF, FGF and PDGF 
signalling pathways (Thomas et al., 2006). Whereas pathogens infl uenced ho-
mophilic cell adhesion (GO:0007156) and toll-like receptor 4 signalling path-
way (GO:0034142). The fi rst process plays important role in cell-cell adhesion 
and signal transduction. It is crucial for organism to keep epithelial barrier in-
tegrity to prevent pathogen invasion (Vereecke et al., 2011). The toll-like re-
ceptor 4 is involved in detection of lipopolysaccharides from Gram-negative 
bacteria and is thus important in the activation of the innate immune system. It 
is the main Toll-like receptor involved in the control of Salmonella and Escheri-
chia infections (de Jong et al., 2012; Tapping et al., 2000). All the pathogenic 
bacterial strains tested belong to Gram-negative group, however in the study 
there were two more Gram-negative strains (E. coli Nissle 1917 and B. thetaio-
taomicron ATCC 29741) which did not infl uence toll-like receptor 4 signalling 
pathway. Interestingly the two latter strains belong to probiotic and commensal 
group thus might have adopted to gut environment and do not trigger innate 
immune response. Commensal and probiotic bacteria are proposed to have the 
ability to regulate mucosal and systemic immunity (Diehl et al., 2013; Karlsson 
et al., 2004; Lathrop et al., 2011; Rizzello et al., 2011). Intestinal epithelial cells, 
on the other hand, were shown to be largely unresponsive to the gut fl ora. They 
acquire TLR tolerance immediately after birth by exposure to exogenous endo-
toxin to facilitate microbial colonization and the development of a stable intesti-
nal host-microbe homeostasis (Lotz et al., 2006). In this experiment the in vitro 
model was used that does not include immune cells. So the lack of TLR4 activa-
tion may indicate that the tolerance for specifi c group of microorganisms can be 
administered on the epithelial cell level, or those microorganisms adopted to the 
intestinal niche do not induce innate responses.
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The ‘homophilic cell adhesion’ (GO:0007156) was also commonly modifi ed 
by the E. coli strains. The process was also changed by the studied pathogenic 
strain group which is assembled by E. coli strains in two-thirds. The modulation 
of GO:0007156 process seems signifi cant for all Gram-negative strains tested 
except for B. thetaiotaomicron ATCC 29741. The Bacteroides species is distinct 
from the other Gram-negative species tested. It belongs to dominant group of the 
human gut microbiome and was shown to have multiple positive effects on post-
natal gut development. The species stimulates angiogenesis and establishment 
of the intestinal mucosal barrier, furthermore it was shown to affect acquisition 
and storage of lipids by adipocytes. Although it lacks proteins with detectable 
homology to known adhesins or fl agellar components a large repertoire of outer 
membrane polysaccharide-binding proteins aid B. thetaiotaomicron to maintain 
residency in its niche in the absence of these components. It interacts with and 
harvests nutrients from the mucus layer that overlies the intestinal epithelium 
(Wexler, 2007; Xu and Gordon, 2003). The unique interactions that manage B. 
thetaiotaomicron adhesion to gut epithelium lead to distinct perception of the 
bacteria by the enterocytes. The characteristic role of B. thetaiotaomicron for 
human gut and its noticeable adaptation to the niche must be the reason for not 
infl uencing homophilic cell adhesion process as other Gram-negative bacteria 
studied did.

The fecal coliforms infl uenced additionally ‘response to superoxide’ 
(GO:0000303) and ‘response to oxygen radical’ (GO:0000305). The latter pro-
cesses are child terms of ‘response to reactive oxygen species’ (GO:0000302). 
The term describes any process that results in a change in state or activity of 
a cell as a result of a reactive oxygen species (ROS) stimulus. The response 
might be primary in nature in case the bacteria are the source of ROS (Korshu-
nov and Imlay, 2010) or secondary as enterocytes’ response to self-generated 
ROS in response to other stimulus. Oxidative defense mechanisms involving 
production of reactive oxygen species have important role in innate immunity 
and infl ammatory processes. Reactive oxygen species are generated in response 
to bacterial lipopolysaccharides by colon epithelial cells (Rada and Leto, 2008). 
Also LPS-activated platelets (Aktan et al., 2013), neutrophils (Khanfer et al., 
2012), vein (Barbeiro et al., 2009) and lung (Wang et al., 2007) endothelial 
cells can contribute to host defense through release of reactive oxygen species 
for bactericidal actions. Even though the E. coli strains used in this study dis-
play opposite action on human organism (the ATCC 10536 and NCTC 12900 
strains are pathogens, whereas Nissle 1917 is probiotic strain) the Nissle 1917 
strain exhibits genotoxic activity that is required for its probiotic action through 
modulating the immunomodulatory properties (Guerra et al., 2011; Olier et al., 
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2012). The property of the Nissle 1917 strain might also be a remainder of its 
postulated pathogenic ancestry (Hancock et al., 2010). It is also proposed that 
the commensal bacteria can be the major trigger of ROS in the adult intestines 
(Kajino-Sakamoto et al., 2010). 

The average number of joint biological processes in comparison between sin-
gle probiotic strains was lower than between probiotic and commensal strains. 
This indicates that the outcome of probiotics action is somehow targeted onto 
the same processes as of commensals rather than the other probiotics. It is not 
surprising since any commensal strain when proved to be safe and with docu-
mented benefi cial action on human health can become probiotic.

Interestingly, in the case of the L. acidophilus LA-5 strain compared to some 
of the other strains tested (L. rhamnosus GG, L. casei DN114001, B. animalis 
MK2, P. anaerobius ATCC 27337, S. Typhimurium ATCC 14028 and E. coli 
NCTC 12900), they share unexpectedly low number of joint processes  (Table 8). 
This is intriguing  as the strain pairs share above-average number of joint differ-
entially expressed genes (Table S2). The discrepancy can be a result of two fac-
tors: modulation of not annotated genes and use of data mining algorithm that 
takes into account genes being described with signifi cance coeffi cient above 
0.05 threshold (Pavlidis et al., 2004).

It has to be kept in mind that the biological processes indicated as joint for 
a pair of strains are not necessarily changed in the same way. The biological 
processes were selected based on a list of genes with signifi cance coeffi cient 
of an expression change, but not with fold-change value. Therefore additional 
specifi c experiments are needed to verify the biological signifi cance of a given 
interaction. It remains to be discovered whether certain strain has benefi cial or 
harmful infl uence on the particular health aspect. It can be hypothesised that 
effect exerted by probiotic or commensal strain is positive and by pathogenic 
strain – negative. Furthermore in case that both probiotic/commensal and patho-
genic strains affect the same process they constitute a fi rst choice pair for more 
detailed studies of possible contradictory action. Especially in case where they 
are characterised by divergent enterocytes’ gene expression response. On the 
other hand, a different transcriptional response may indicate unique mode of 
infl uence and not necessarily an opposite action.

Comparison of category related gene expression patterns revealed species-
-specifi c (regarding B. animalis and L. casei) and genus-specifi c (regarding Lac-
tobacillus sp.) modulation of general biological processes. Interestingly respon-
somes to the E. coli strains did not show such similarities. The E. coli strains 
used belong to probiotic and pathogen groups, however the Nissle 1917 strain 
has pathogen ancestry (Hancock et al., 2010). 
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Some general processes (e.g. apoptosis, healing and regeneration, me-
tabolism, innate immunity, infl ammation, development and morphogenesis, 
and structure and function of gastrointestinal tract) revealed large similarities 
(R2 > 0.7) in category related gene expression pattern of responses to majority 
of strains. This can be explained by adaptation of the strains to ecological niche 
of gastrointestinal tract where the processes take place.

 The divergent responses to the bacterial strains tested regarding some of 
the biological process categories considered indicated that there are presum-
ably strain-specifi c traits that mediate genes expression in different way. On the 
other hand, the processes that are mediated in very similar fashion by a group 
of microorganisms suggest a common traits or lack of infl uence on gene expres-
sion. However, the lack of response is slightly possible where an above-average 
number of specifi c processes is infl uenced within the considered category. Such 
similarities in dendrogram shape can be easily seen in case of cell cycl e (Fig. 
8.4), identifi cation of microorganis ms (Fig. 8.18), and cell differentiat ion (Fig. 
8.20) or metabo lism (Fig. 8.9), development and morphoge nesis (Fig. 8.19), and 
structure and function of gastrointestinal  tract (Fig. 8.27). Altogether the data 
may indicate that some of the biological processes are highly strain-dependent, 
and other simply infl uenced by presence of microbes with minor reliant on 
strain-specifi c traits. Similarities of dendrograms regarding different biological 
processes were in part due to substantial number of the same genes involved in 
the processes but also similar action of the strains. 

The intestinal epithelium is a monolayer of columnar cells which form a tight 
barrier separating gut content from inner tissues. The selective permeability, 
important for absorption of nutrients while preventing invasion of microorgan-
isms, is achieved by tight adhesion of enterocytes to each other fortifi ed by spe-
cialized structures called tight junctions, adherence junctions and desmosomes 
(Natividad and Verdu, 2013). Regulation of the cellular structures is important 
in the maintenance of the epithelial architecture and, thereby, in the preserva-
tion of intestinal barrier (Sharma et al., 2010). Comparison of enterocytes gene 
expression pattern regarding ‘adhesion’ category shows high divergence in gene 
response to the bacterial strains  tested (Fig. 8.1). The responses to Gram-pos-
itive probiotic strains cluster together, however according to data mining with 
gene ontology only the mixture of probiotic strains infl uenced substantial num-
ber of the biological processes in signifi cant manner. The ability of probiotic 
Lactobacillus and Bifi dobacterium strains to affect intestinal permeability has 
been already shown. Furthermore such benefi cial effects on the host possess 
also B. thetaiotaomicron and E. coli Nissle 1917 (Natividad and Verdu, 2013; 
both microbes modulated substantial number of biological processes in the 
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‘adhesion’ category). Interestingly transcriptional response of adhesion related 
genes to probiotic E. coli Nissle 1917 and pathogenic S. enterica ATCC14028 
forms an outlier group, yet with very low si milarity (Fig. 8.1). It was already 
demonstrated that enteric pathogens, such as enteropathogenic E. coli strains 
(Liu et al., 2005) and S. enterica (Jepson et al., 2000), can disrupt the tight junc-
tions of enterocytes through a number of different virulence factors which is 
in agreement with the indication that the pathogenic strains tested in this study 
modulate substantial number of biological processes categorised into ‘ adhesion’ 
(Table 9). Enterocytes covering intestinal villi undergo coordinated regulation 
of proliferation, differentiation and apoptosis. They originate from stem cells in 
crypt and shed at the tip of villus. The balance between enterocyte proliferation 
and apoptosis is crucial for maintenance of mucosal barrier equilibrium. Recent 
work from a variety of laboratories has demonstrated a role for receptors of the 
innate immune system (including TLRs and PRR) in the initiation of enterocyte 
apoptosis (Siggers and Hackam, 2011) therefore indicating role of microorgan-
isms in the process. Substantial involvement of commensal group in ‘cell cycle’ 
category was observed in this study where probiotic group represents highly 
similar pattern in gene expression but L. acidophilus LA-5 constitutes  an outlier 
(Fig. 8.4). Relatively similar patterns of gene expression can be observed for 
additional categories: ‘diffe rentiation’ (Fig. 8.20), and ‘development and m or-
fogenesis’ (Fig. 8.19) still with slight fl uctuations in strains that infl uenced sub-
stantial number of signifi cantly changed processes. In case of apoptosis the gene 
expression pattern as infl uenced by the strains tested display high similarities 
for probiotics and commensals with pathogens indicating higher divergence but 
probiotic E. coli Nissle 1917 constituti ng an outlier (Fig. 8.2). 

Gene expression similarity dendrograms may serve also for discerning pro-
biotic-specifi c traits. In case the same species (e.g. B. animalis in this study) 
is represented by a probiotic strain (BB12) and a commensal strain (MK2) the 
high similarity in enterocyte transcriptional response may display reaction to 
species-specifi c traits but divergent response indicates strain-specifi c traits. 
Considering the ‘blood pressure’ category, for example, the BB12 strain is in-
fl uencing a substantial number of biological processes whereas the MK2 strain 
none. The gene expression pattern of enterocytes in response to both strains 
remain simil ar (R2 = 0.748, Fig. 8.3). This indicate that overall regulation of 
the genes involved in the process in both cases was the same but not equally 
strong. On the other hand, in case of ‘blood and lymphatic vessels’ category, the 
MK2 strain infl uences a substantial number of biological processes whereas the 
BB12 none (R2 = 0.637). Here the strains are more divergent in generating tran-
scriptomic response  in enterocytes (Fig. 8.11). The two B. animalis strains share 
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a below-average number of biological processes infl uenced despite very similar 
global Caco-2 responsome generated. This may explain why one of the strains 
belongs to the probiotic and the other to commensal group. Taking into account 
the high genomic homogeneity of B. animalis strains (Bottacini et al., 2010) the 
divergent action of the BB12 and MK2 strains might be explained by quantita-
tive differences in specifi c molecule present on bacterial surface rather than an 
unique trait. Anyhow, for greater confi dence in such an assumption, an analysis 
of more strains of the same species should be performed. 

The in silico analysis, so far, has not taken into account signalling pathways 
cross-talk that infl uences biological consequence of a signal (Claudio et al., 
2013; Karavolos et al., 2013), and the transcriptome analysis do not reveal regu-
latory processes occurring at posttranscriptional level. Microbial cells belong to 
exogenous stress factors. These regulate also mRNA translation and posttrans-
lational modifi cations that play an important role in stress responses. Moreover, 
other processes like splicing and mRNA decay are also stress-regulated (Clau-
dio et al., 2013). It should be noted that apart from moderating gene expression, 
the microbiota can modulate expression of microRNAs (miRNAs) in the host. 
The small RNAs can repress expression of proteins without affecting the mRNA 
levels (Dalmasso et al., 2011). 

5.3. ANTI-VIRAL PROPERTIES OF E. COLI NISSLE 1917

5.3.1. Rotavirus replication impaired by E. coli Nissle 1917

Several probiotic strains were characterised by their ability to prevent acute in-
fl ammation of the gastro-intestinal tract caused by viral infection (rotaviruses, 
noroviruses) or shortening the time and intensity of the course of infection. 
The most signifi cant data of such an action was documented for: L. rhamnosus 
GG, L. casei Shirota, L. casei DN114001, L. acidophilus NCFM (Grandy et al., 
2010; Liu et al., 2010; Maragkoudakis et al., 2010; Nagata et al., 2011, Pedone 
et al., 2000). Three of the strains mentioned were included in the study and were 
shown to signifi cantly alter biological processes in the category of virus infec-
tion. In addition, there are more and more reports about the impact of probiotics 
on the incidence and course of other viral diseases such as fl u (Davidson et al., 
2011; Kawase et al., 2010; Takeda et al., 2011,), rhinitis (Berggren et al., 2011, 
Leyer et al., 2009) or AIDS (Bolton et al., 2008; Hummelen et al., 2010). 

Rotaviruses belong to Reoviridae family. They are non-enveloped viruses 
containing double-stranded (ds) RNA genome divided into 11 segments. There 
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are fi ve species of rotavirus (A, B, C, D, and E), however Rotavirus A causes 
over 90% of rotavirus infections in humans. It is a contagious virus that can 
cause gastroenteritis. Infants and young children are most likely to get rotavi-
rus disease. Adults usually develop immunity. Symptoms include severe watery 
diarrhea, often with vomiting, fever, and abdominal pain. The virus spreads by 
the fecal-oral route. Children can shed the virus both before and after they be-
come sick with diarrhea. They shed the virus in their feces (stool) mostly when 
they are sick and during the fi rst three days after recovery. Rotaviruses infect 
enterocytes of the villi of the small intestine. The virus enters cells by receptor 
mediated endocytosis. The virus proteins VP4 and VP7 disrupt endosome mem-
brane and genomic segments protected in the VP2 and VP6 viral proteins shell 
undergo transcription by the viral RNA-dependent RNA polymerase. Produced 
mRNA are used both for protein synthesis and replication. Most of the rotavirus 
proteins accumulate in viroplasm, where replication is fi nished and dual-layered 
particles are assembled. Virion maturation completes in endoplasmic reticulum 
where third layer is formed. The progeny viruses are released from the cell by 
lysis (Bernstein, 2009; Ruiz et al., 2009).

Both B. animalis BB12 and E. coli Nissle 1917 are approved for administra-
tion to infants and both were shown to reduce acute diarrhea in infants (Henker 
et al., 2007; Jungersen et al., 2014). However, microarray data mining indicated 
that the B. animalis BB12 does not infl uence biological processes involved in 
viral infection whereas E. coli Nissle 1917 does. The rotavirus RNA quantifi ca-
tion in Caco-2 cells treated with the bacteria verifi ed the microarray data. This 
indicates that the microarray data does provide functional information of bio-
logical importance and might serve as guidance for discovering microbial strain 
effect on host cell or even organism. 

Study of Ayala-Breton et al. (2009) showed that qPCR is sensitive enough 
to measure rotavirus RNA level increase as early as 2 h pi in cells infected at 
MOI = 0.1. During the fi rst 4 h the amount of rotavirus RNA increase linearly, 
later a logarithmic increase of viral RNA level is observed. However, the two 
treatment regimens indicate both prophylactic and therapeutic capacity of the 
E. coli Nissle 1917 probiotic strain to reduce the outcome of rotavirus infection. 
This fi nding shows that the antiviral probiotic action of the strain is managed on 
a cellular level. However, it does not exclude the possibility that the strain can 
exert its action through direct involvement of systemic responses like infl amma-
tion, and/or acquired immunity. 

Rotavirus replication cycle is restricted to the cell cytoplasm where double-
-layered particles, containing genomic dsRNA segments, function as molecular 
machines, producing caped viral (+)RNAs that are extruded from transcribing 
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particles into the cytoplasm. The proteins in the core of the virion possess the 
enzymatic activity of RNA polymerase dependent on dsRNA templates. The 
nascent rotavirus (+)RNAs act as mRNAs for protein synthesis and as a tem-
plate for genome replication (Trask et al., 2012). The rotavirus hijacks the cellu-
lar metabolism to translate its mRNAs while simultaneously blocks cellular pro-
tein synthesis by impeding nucleocytoplasmic transport of host mRNAs. This 
process depends on vial nonstructural protein NSP3. Inhibition of host cell pro-
tein synthesis allows the virus to regulate cellular stress and antiviral response 
(Rubio et al., 2013). Small interfering RNA (siRNA)-blockage of NSP3 expres-
sion has no effect on the translation of viral proteins, but restores translation of 
cellular proteins in rotavirus infected cells, but also increase synthesis of viral 
dsRNA (Chung and McCrae, 2011). Therefore reduction in NSP3 RNA by the 
Nissle 1917 strain preinfection treatment may allow host-cell to develop antivi-
ral response. Although depletion of NSP3 should increase virus genome repli-
cation this was not observed in this study. Quantitative PCR analysis indicated 
also that Caco-2 cells preinfection treatment with the Nissle 1917 strain sig-
nifi cantly decreased NSP5 transcript (primer pair used target NSP5 coding se-
quence) and/or genomic segment 11 (coding for NSP5 and NSP6). The NSP5 is 
a major building block of viroplasm. The protein recruits viral polymerase VP1, 
the core protein VP2, and the NSP2 (ATPase) inside the viroplasm to form the 
viral replication complex (Martin et al., 2013). Small interfering RNA targeting 
genome segment 11 treatment of rotavirus infected cells results in inhibition of 
viroplasm formation, decreased production of structural and nonstructural pro-
teins, synthesis of viral genomic dsRNA and production of infectious particles. 
These effects were shown not to be caused by inhibition of NSP6 (Campagna et 
al., 2005). Therefore the decrease in NSP5 RNA induced by the bacterial treat-
ment should impair overall replicative cycle of the virus. Another viral RNA 
decreased by the Nissle 1917 strain preinfection treatment of Caco-2 cells was 
coding for VP4 protein. The protein has a key role in infectivity, as it forms 
spikes protruding from the virion particle surface and function in virion attach-
ment to permissive host cell. The VP4 is involved in outer capsid assembly 
(Trask et al., 2013) therefore reduction of its amount should block generation of 
nascent infectious particles. 

The Caco-2 postinfection treatment with the Nissle 1917 strain resulted 
in signifi cant decrease of NSP1, VP1, VP2, VP6, and VP7 RNAs. The NSP1 
protein is a virulence factor responsible for proteasome-mediated degradation 
of: interferon regulatory factors (IRF3, IRF5, and IRF7; Arnold et al., 2013a), 
TNF receptor-associated factor 2 (TRAF2; Bagchi et al., 2013a), tumor protein 
p53 (TP53; Bhowmick et al., 2013), and mitochondrial antiviral signalling pro-
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tein (MAVS; Nandi et al., 2014). Degradation of these proteins cause inhibi-
tion of interferon and interferon stimulated genes (ISGs) expression (Arnold et 
al. 2013a; Nandi et al., 2014), inhibition of interferon mediated non-canonical 
NFκB activation (Bagchi et al., 2013a), and inhibition of apoptosis during ini-
tial stages of infection (Bhowmick et al., 2013). In addition, NSP1 can block 
IFNB promoter activation by DEAD (Asp-Glu-Ala-Asp) box polypeptide 58 
(DDX58, also known as RIG-I) through interaction with the DDX58 protein and 
inhibit DDX58-mediated type I interferon responses (Qin et al., 2011). Research 
of Graff et al. (2009) showed that the virus protein inhibits activation of  NFκB 
by another mechanism. It induces proteasome-dependent degradation of beta-
-transducin repeat containing E3 ubiquitin protein ligase (BTRC) a substrate 
recognition protein recruiting nuclear factor of kappa light polypeptide gene en-
hancer in B-cells inhibitor, alpha (NFKBIA) for polyubiquitination. Arnold and 
Patton (2011) revealed that various rotavirus strains employ diverse interferon 
antagonist activities mediated by NSP1 proteins due to their immense sequence 
variation. Rotavirus NSP1 was reported also to interact with PI3K regulatory 
subunit p85, a member of PI3K/Akt pathway. The interaction results in effi cient 
activation of this pathway. Phosphoinositide 3-kinases (PI3Ks) regulate diverse 
cellular processes like cell survival, proliferation, infl ammation, and immunity 
(Bagchi et al., 2013b). This way virus may modulate infl ammatory, apoptosis, 
and both innate and adaptive immune response signalling. Decrease in NSP1 
RNA may restore antiviral signalling allowing cell to overcome infection or en-
ter apoptosis to prevent spread of infection.

The VP1 protein is dsRNA-dependent, RNA polymerase, enclosed along 
with the 11 dsRNA segments within the VP2 shell. The polymerase can oper-
ate either in replicative mode generating a dsRNA genomic product (when the 
template is the plus strand) or in transcriptional mode producing a ssRNA(+) 
(mRNA, when the template is the minus strand; Silvestri et al., 2004). The de-
crease in VP1 RNA results in decrease of the VP1 protein, that is required for 
virus genome packaging (Trask et al., 2012). This should prevent progeny virion 
assembly, that is further jammed by the decrease in capsid proteins VP6 and 
VP7. The Nissle 1917 strain action is directed both to prevent virus from hijack 
cellular control and decrease virus replication. It remains to be revealed whether 
the Nissle 1917 strain derived signalling inhibited rotavirus RNA synthesis or 
induced its degradation. The latter possibility seems to be more probable as the 
RNA polymerase (VP1) is entrapped within virus core shell therefore protected 
from action of cytoplasmic proteins.
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5.3.2. Cellular responses of enterocytes to bacteria treatment and rotavirus 

infection

Dynamic monitoring of enterocytes fate was performed on undifferentiated 
Caco-2 cells. The Caco-2 are able to differentiate on solid surfaces. Howev-
er, the cells form gas-pockets causing detachement of the cell monolayer from 
growth surface. This would interfere with cell index measurement. Therefore, 
this experiment was performed on undifferentiated cells to prevent misinterpre-
tation of monolayer detachment as cytopathic effects.

According to literature a development of the fully functional tight junctions 
takes place after 13 days of culture as indicated by trans-epithelial electric re-
sistance (TEER) measurement. The TEER steadily raises from 0 ohm/cm2 at day 
3 to over 3000 ohm/cm2 at day 13 (Johannessen et al., 2013). However, more 
detailed study with transmission electron microscopy of Caco-2 cells during the 
time course revealed the formation of localized electron-dense areas of closely 
opposing plasma membranes between cells characteristic of tight junctions by 
day 4. As well as, at the same time [3H]inulin diffusion across the monolayer 
was dramatically reduced to a background level, indicative of the formation of 
functional tight junctions. Moreover, the temporal expression patterns of genes 
encoding tight junction integral membrane proteins (occludin and claudin-1) in-
creased initially after cell-cell adhesion and peaked at a time coincident with 
formation of functional tight junctions (Halbleib et al., 2007). Since the experi-
mental setup in both studies (Halbleib et al., 2007; Johannessen et al., 2013) did 
not show any major differences it is possible that tight junctions are formed 
by day 4 establishing a diffusion barrier but their full development takes a few 
more days. Despite both the TEER measurement and xCelligence system are 
resistance based assays the electrode arrangement are different. The xCelligence 
system recorded initial formation of tight junctions but is not able to quantify 
their tightness. Hence, it can be assumed that in this study after 90 h of culture 
Caco-2 cells monolayer already developed tight junctions since cell index (CI) 
did not show further change for the entire duration of the experiment. A rise of 
CI refl ected probably cell swelling. Whereas, decline in CI indicated relaxation 
of cellular connections, cell-rounding and shrinking, and subsequent cell death 
(where CI approached baseline).

Apoptosis has been shown to promote degradation of tight junction proteins 
(Bojarski et al., 2004) in enterocytes leading to decrease of transepithelial resist-
ance (Bojarski et al., 2001). Rotavirus infection leads to alternations in cytoskel-
eton of infected cell (Brunet et al., 2000) and promotes structural and functional 
injuries localized at the tight junctions (Obert et al., 2000). These cellular events 
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promote infection of polarized cells (Delorme-Axford and Coyne, 2011). Thus 
infection alone and undoubtedly subsequent apoptosis should precede increase 
in paracellular permeability. This assumption is not supported by the data ob-
tained from undifferentiated Caco-2 cells infected with rotavirus. The cell index 
measured as a function of cell monolayer impedance does not differ between 
infected and not-infect ed control cells (Fig. 15). Results presented by other re-
search group indicated that undifferentiated Caco-2 cells infected with simian 
rotavirus (strain SA11) at MOI = 0.5 did not exhibit apoptotic morphologies 
such as chromatin condensation or breakdown into apoptotic bodies at 24 h pi, 
and showed no signifi cant activation of caspase-3, even at 48 h pi when MOI = 
2.5 was used (Gac et al., 2010). In this study MOI of approximately 0.35 was 
applied. This may explain why the rotavirus RIX4414-infected undifferentiated 
Caco-2 cells did not show any cytopathic effects at  49 h pi (R vs. C; Fig. 15). 
Whereas fully differentiated Caco-2 cells infected with rhesus rotavirus (MOI 
= 10) showed 5-fold increase in number of apoptotic cells (with no signifi cant 
difference regarding necrosis) at 24 h pi, however the cells did not display cell 
membrane damages yet. Only 5.82% of the infected cells were at late apoptotic 
stage at 24 h pi, but early signs of apoptosis (externalisation of phosphatydyl 
serine measured by Annexin V assay) were observed already at 4 h pi. The num-
ber of apoptotic-positive cells at 4 h pi was 3.9% and did not change signifi cant-
ly at least till 15 h pi, to reach 42% after 24 h pi. The maximum of virus yield is 
reached at 20 h pi (Chaibi et al., 2005), rotavirus release from fully-differentiat-
ed Caco-2 cells starts from 18 h pi before cell lysis, which occurs beyond 24 h 
pi, when total progeny viruses have been already released (Jourdan et al., 1997). 
The results of apoptosis induction measured with caspase-3/-7 assay at 14 or 
18 h pi in this study comply with those of Chaibi group (Chaibi et al., 2005). 
Another reason that rotavirus RIX4414 did not lead to clearly visible cytopathic 
effects may be due to strain differences (Arnold and Patton, 2011) or its attenu-
ation. The molecular basis for the attenuation of the strain is unknown (Green-
berg and Estes, 2009). The rotavirus vaccine strain originates from child stool 
isolate that was serially passaged 26 times in primary African Green Monkey 
Kidney cells (AGMK), then 7 times in AGMK cell line giving vaccine strain 
designated 89-12. Then the strain was further passaged in Vero cells and cloned 
by limiting dilution and renamed RIX4414 (Bernstein, 2006). The assessment 
of clinical studies revealed that the RIX4414 is more attenuated than the par-
ent strain 89-12 (Glass et al., 2006). The vaccine virus 89-12 was detected in 
75%, whereas the RIX4414 in 38% to 65% of vaccine recipients’ stool (Dang 
et al., 2012; Popp et al., 1991). The shedding data corresponds to rotavirus an-
tigens detection in stool of vaccinated infants and children. Whereas more de-
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tailed study of Zibrik et al. (2007) showed that the RIX4414 vaccinated adults 
does not shed live rotavirus (tested by cell culture) and only one individual shed 
a small amount of virus antigen (tested by ELISA).

According to research of Gac et al. (2010) the 4 h post infection time allows 
analysis of cellular responses of enterocyte to rotavirus infection as increased 
SOD2 protein level is already visible in rotavirus infected Caco-2 cells. How-
ever, at that datapoint, VP6 protein is not detectable via immunofl uorescence 
suggesting that it is dependent on viral RNA or structural protein presence in 
infected cells (Gac et al., 2010). Thus the cellular genes expression change ob-
served in qPCR analysis is of an early type response to virus infection. 

Data obtained from animal models and clinical studies of rotavirus infection 
indicate that the virus is not by itself inherently cytopathic. Thus the rotavirus 
infections are not accompanied by signifi cant infl ammation (Chaibi et al., 2005).

Taken together the analyses indicate that the E. coli Nissle 1917 treatments 
block rotavirus RIX4414 replication and transcription. However, the postin-
fection treatment triggers rapid cell death regardless of the virus antiapoptotic 
actions and the preinfection treatment maintained cell viability (despite cas-
pase-3/-7 activation). Although the B. animalis BB12 treated Caco-2 cells un-
dergo cell death but allowing the rotavirus replication.

5.3.3. Escherichia coli Nissle 1917 modifi es enterocyte’s innate anti-viral 

responses

Several products of the differentially expressed genes under infl uence of the E. 
coli Nissle 1917 in respect to the rotavirus infection were described in details 
regarding their involvement in virus infection. This may pinpoint possible inter-
actome cross-talk between bacteria and virus derived signals. 

Detection of rotavirus infection in intestinal cells involves activation of cy-
toplasmic pattern recognition receptors (PRR): interferon induced with helicase 
C domain 1 (IFIH1, also known as MDA5) and DEAD (Asp-Glu-Ala-Asp) box 
polypeptide 58 (DDX58, also known as RIG-I) that detect viral RNA and signal 
through mitochondrial antiviral signalling protein (MAVS, also known as IPS-1) 
to stimulate the activation of interferon response factor-3 and -7 (IRF3/7), nu-
clear factor-kappa B (NFκB) and activator protein-1 (AP1) leading to interfer-
ons (IFN-α/β/λ) and proinfl ammatory cytokines (IL-1β, IL-6, IL-8, IL-18, and 
TNFα) expression. Cytokine expression results in attraction and activation of 
immune cells. An alternative pathway of rotavirus detection leads through endo-
somal/lysosomal PRR. Binding of virus RNA to the toll-like receptor 3 (TLR3) 
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passes the signal through toll-like receptor adaptor molecule 1 (TICAM1, also 
known as TRIF) to IRF3/7 leading to IFNs expression. The host defence follow-
ing rotavirus infection triggers secretion from infected cells type I (IFN-α/β) and 
type III (IFN-λ) interferons. Receptors for IFN-α/β are expressed almost ubiq-
uitously. Therefore type I interferons signal infection to hematopoietic cells as 
well (paracrine signalling). The receptor for IFN-λ is expressed primarily on ep-
ithelial cells. This signal is mainly received by bystander enterocytes to induce 
antiviral state (autocrine signalling). Activation of these receptors induce kinase 
signalling cascade resulting in phosporylation of signal transducer and activator 
of transcription (STAT) transcription factors. Heterodimer of activated STAT1 
and STAT2 proteins associate with interferon regulatory factor-9 (IRF9). Result-
ing complex induces expression of interferon stimulated genes (ISGs). Products 
of these genes have the ability to directly inhibit replication of viruses but also 
posses immunostimulatory and immunomodulatory properties (reviewed in de-
tails by: Arnold et al., 2013b; Holloway and Coulson, 2013).

Gene expression analysis of Caco-2 cells treated with E. coli Nissle 1917 pri-
or or after rotavirus infection lead to modulation of genes already recognised to 
be involved in innate cellular responses to rotavirus infection but also indicated 
other genes involved in pathogen reco gnition signalling (Fig. 16). The bacterial 
strain triggered upregulation of several pattern recognition receptor genes re-
sponsible for detection of pathogens (AIM2, NLRP3, NOD2, TLR9).

The absent in melanoma 2 gene (AIM2) was shown to be IFN-inducible and 
involved in the sensing of dangerous cytosolic DNA produced by infection with 
DNA viruses and of intracellular bacteria leading to production and caspase-
-1-mediated activation of pro-infl ammatory cytokines (Rathinam et al., 2010). 
Although the AIM2 protein is involved in infl ammasome formation and activa-
tion in response to DNA viruses (Gram et al., 2012) its uppregulation by E. coli 
Nissle 1917 may contribute to nonconventional antiviral action triggered by the 
bacterial strain. NLR family, pyrin domain containing 3 (NLRP3) gene encodes 
a member of the NALP3 infl ammasome complex. This complex functions as 
an upstream activator of NFκB signalling, and plays a role in the regulation of 
infl ammation, the immune response, and apoptosis. The infl ammasome also me-
diates maturation of the pro-infl ammatory cytokines (e.g. IL-1β and IL-18) via 
the caspase-1-mediated cleavage of the cytokine pro-forms (Lupfer and Kan-
neganti, 2013; Yu and Levine, 2011). The NALP3 infl ammasome complex inter-
acts with heat shock protein 90kDa alpha (cytosolic), class A member 1 protein 
(HSP90AA1). The heat shock protein positively regulate rotavirus replication by 
modulating virus induced PI3K/Akt and NFκB signalling pathways. Moreover 
the HSP90 was reported to actively participate in the folding and stabilization 
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of rotavirus NSP3 protein. The inhibition of HSP90 lead to depletion of NSP3 
protein due to its degradation, but had no infl uence on NSP3 transcript level 
(Dutta D. et al., 2011). The Nissle 1917 strain preinfection treatment of Caco-2 
cells lead to both signifi cant decrease in rotavirus NSP3 RNA level and cellular 
HSP90AA1 mRNA level indicating that the bacterial strain predispose entero-
cyte to antiviral response through two independent pathways. The downregu-
lation of HSP90AA1 expression abrogates rotavirus replication by hindering 
PI3K/Act and NFκB signalling and causes depletion of rotavirus NSP3 protein.

Both AIM2 and NLRP3 interact with caspase-1 through PYCARD. The cas-
pase-1 action is regulated by PYD (pyrin domain) containing 1 (PYDC1) pro-
tein that interacts with PYCARD. The PYDC1 appears to function as a dom-
inant-negative inhibitor which can suppress caspase-1 activation and CFLAR 
protein. The latter protein is involved in regulating apoptosis by affecting the 
recruitment of caspase-8 to tumor necrosis factor family death receptors (Nata-
rajan et al., 2006). Recent research has indicated that proteins belonging to the 
same protein family inhibits infl ammasome and regulates responses to infection 
with DNA viruses (Khare et al., 2014). The E. coli Nissle 1917 treatment up-
regulated expression of PYDC1. This may explain inhibition of apoptiosis and 
point out activation of innate response generally assigned to detection of DNA 
viruses (as it involves also AIM2, which was upregulated as well). The action of 
PYCARD is negatively regulated by proline-serine-threonine phosphatase inter-
acting protein 1, encoded by PSTPIP1 gene. Its product is a scaffold protein and 
a negative regulator of the actin cytoskeleton polymerization. Mutations within 
the gene are associated with autoinfl ammatory syndromes. Pyrin (MEFV) is 
a cytosolic receptor for PSTPIP1 required for recruitment and activation of cas-
pase-1 to infl ammasome, and suspected to restrict viral replication (Yu et al., 
2007). Upregulation of PSTPIP1 expression by the E. coli Nissle 1917 might 
contributed to reduction of rotavirus replication.

Nucleotide-binding oligomerization domain containing 2 (NOD2) gene en-
codes a cytoplasmic receptor with caspase recruitment (CARD) domains. It 
plays a role in the immune response to intracellular bacterial lipopolysaccha-
rides (LPS) and activating the NFκB protein. Recent studies have shown that 
RNA (Lupfer et al., 2013; Sabbah et al., 2009) and DNA (Kapoor et al., 2014; 
Suzuki et al., 2011) viruses can also activate NOD2 leading to increased ex-
pression of IFN-β and IL8 (Kapoor et al., 2014). Virus induced NOD2 signal-
ling negatively regulate NLRP3 infl ammasome activation and IL-18 release, 
and leads to induction of type I interferons through MAVS and IRF3 (Lupfer et 
al., 2013). The E. coli Nissle 1917 was shown to upregulate NOD2 expression 
therefore sensitizing the cell to pathogen.
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A subgroup of endosomal toll-like receptors (TLR3, TLR7, TLR8 and 
TLR9) are specialized in recognition of microbial nucleic acids. TLR3 senses 
double-stranded (ds) RNA, TLR7 and TLR8 – ssRNA, whereas TLR9 – DNA 
(especially bacterial, containing CpG motifs). Upon binding their ligand they 
initiate a signalling cascade via the adaptor molecules: MYD88 (TLR7, 8 and 
9) or TICAM1 (TLR3) leading to activation of NFκB/AP1 and IRF3/7 tran-
scription factors (Saitoh and Miyake, 2009). Although TLR9 is recognized as 
DNA receptor (for both bacterial and virus genomes), Wang H. et al. (2012) 
showed increased expression of TLR9 in case of multiple RNA virus (rotavi-
rus, astrovirus and enterovirus) infection of Caco-2. Therefore the E. coli Nissle 
1917 treatment of Caco-2 cells upregulation of TRL9 gene expression confi rms 
involvenment of this PRR in rotavirus detection. The TLR3-mediated signal-
ling pathway was also modifi ed by the bacterial strain treatment. The Nissle 
1917 strain upregulated transcription of TICAM1 and downregulated transcrip-
tion of IRAK1. The toll-like receptor adaptor molecule 1 (TICAM1) protein is 
an intracellular signalling domain that mediates interactions between the toll-
like receptor 3 (TLR3) and signal-transduction components. It mediates dsRNA 
induction of interferon-β through activation of NFκB, during an antiviral im-
mune response. Some virus proteins target TICAM1 and lead to their degra-
dation (Hyun et al., 2013). The most recent study indicates that interleukin-1 
receptor-associated kinase 1 (IRAK1) protein inhibits TICAM- and DDX58-
-mediated the TLR3–IFN-β and proinfl ammatory cytokine response (Bruni et al., 
2103). Downstream to TICAM1 is TRAF6 also inhibited by IRAK1. Therefore 
downregulation of IRAK1 by the Nissle 1917 strain relieves TLR3-signalling of 
rotavirus infection (Alexopoulou et al., 2001). Further downstream to TRAF6 is 
receptor (TNFRSF)-interacting serine-threonine kinase 1 (RIPK1), a signalling 
component involved in programmed cell death. RIPK1 upon association with 
Fas-associated protein with death domain (FADD) and caspase-8 contributes to 
cell death by apoptosis. However, depletion or inhbition of caspase-8 and FADD 
favours necroptosis, a programmed form of necrotic cell death (Kaczmarek et 
al., 2013; Salvesen and Walsh, 2014). Depending on cell type and stimulus, ad-
ditional proteins can trigger ubiquitylation of RIPK1, targeting it to proteasomal 
degradation. This modifi cation further contributes to pro-survival signalling as 
it enables RIPK1-mediated activation of NFκB and induction of pro-survival 
transcriptional programmes (Darding and Meier, 2012; Mocarski et al., 2011). 
Therefore downregulation of RIPK1 expression by the E. coli Nissle 1917 treat-
ment similarily to ubiquitin degradation may contribute to cell survival.

Signals from endosomal (TLR3/9) and cytoplasmic (DDX58 and IFIH1) pat-
tern recognition receptors, through RIPK1 and MAVS, respectively, contribute 
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to the activation of MAP3K1.  The kinase activation is leading to the activation 
of transcription factors NFκB and AP-1 (Yoshida et al., 2008). Nuclear factor 
of kappa light polypeptide gene enhancer in B-cells 1 (NFKB1) gene encodes 
a 105 kD protein which can undergo proteolytic cleavage to produce a 50 kD 
protein. The 105 kD protein is a REL protein-specifi c transcription inhibitor 
and the 50 kD protein is a DNA binding subunit of the NFκB (NFKB) protein 
complex. Whereas nuclear factor of kappa light polypeptide gene enhancer in 
B-cells inhibitor, alpha (NFKBIA) gene encodes a member of the NFκB inhibi-
tor family, which interacts with REL dimers to inhibit NFκB/REL complexes in-
volved in infl ammatory responses. The NFKB complex is a transcription regula-
tor activated by various intra- and extra-cellular stimuli including viral products. 
The E. coli Nissle 1917 treatment also upregulated transcription of genes encod-
ing MAP3K1, NFKB1 and NFKBIA. Those are other locations where the bacte-
rial strain modulate innate anti-viral response signalling. Interleukin-8 promoter 
contains NFKB-binding site that may explain upregulation of IL8 (Kunsch and 
Rosen, 1993). Interleukin-8 overexpression in case of pre- and postinfection E. 
coli Nissle 1917 treatment may result in different signalling pathways, since the 
preinfection treatment did not upregulate the NFKB. The NFKBIA was 4-fold 
higher upregulated in respect to NFKB1. The research of Marchant et al. (2014) 
showed that the NFKBIA encoded IκBα mediates the export of IFNα from virus-
-infected cells. Therefore, the upregulation of the genes may induce infl amma-
tory response through upregulation of IL8 and release of IFNα.

Another important PRR is DDX58 (RIG-I), although its expression was 
not changed by the Nissle 1917 strain, the bacteria upregulated gene encod-
ing its activator (TRIM25). Tripartite motif containing 25 protein ubiquitinates 
DDX58 resulting in a marked increase in its downstream signalling activity. The 
activator is essential for DDX58-mediated IFN-β production and antiviral activ-
ity in response to RNA virus infection (Maelfait and Beyaert, 2012). TRIM fam-
ily proteins have been shown to have antiviral activity and virus proteins target 
them to evade recognition by the host viral RNA pattern recognition receptors 
(Munir, 2010). 

Expression of one of the PRR (IFIH1) was downregulated by the E. coli Nis-
sle 1917. Interferon induced with helicase C domain 1 (IFIH1) protein is a viral 
double-stranded RNA (dsRNA) receptor sharing sequence similarity and signal-
ling pathways with DDX58 (Wu et al., 2013). It was shown to be able to restrict 
positive-strand RNA virus replication (Nikonov et al., 2013). Activation of the 
receptor leads to induction of Bax/Bak-independent apoptosis pathway via mi-
tochondrial antiviral signalling (MAVS) and caspase-8. Caspase-8 recruited to 
mitochondria forms a new death inducing signaling complex (DISC) that acti-
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vates caspase-3 and apoptosis in a death receptor- and FADD-independent man-
ner. This pathway is thought to help RNA viruses to kill cells which are usually 
protected by Bcl-2 overexpression (El Maadidi et al., 2014). Preinfection treat-
ment of Caco-2 with E. coli Nissle 1917 lead to downregulation of IFIH1 gene 
that may result in inhibition of apoptosis.

Another cellular protein involved in apoptosis signalling is Fas (TNFRSF6)-
-associated via death domain protein (FADD). It is an adaptor molecule that 
interacts with various receptors and mediates cell apoptotic signals. Such in-
teraction allows it to recruit and activate caspase-8 (Grunert et al., 2012).  Ex-
pression of FADD gene was downregulated by E. coli Nissle 1917 therefore 
should reduce ability of enterocyte to enter apoptosis in case of rotavirus infec-
tion. Moreover, the bacterial strain also caused downregulation of CASP8 gene. 
Although it does not explain reduction of rotavirus genome replication and/or 
transcription, it may justify lack of cytopathic effect observed in label-free dy-
namic monitoring of undifferentiated Caco-2 cells fate. However, measurement 
of downstream caspase-3 and -7 activity did not show signifi cant difference re-
garding infected differentiated Caco-2 cells that were not treated with bacteria. 
Even though the data obtained in the two experiments appear inconsistent, it has 
to be kept in mind that one study concerned CASP8 gene transcript level and the 
other CASP3/7 enzymatic activity. Furthermore in death signalling CASP3 is 
downstream to CASP8 and can be activated through alternative pathway (Iwai 
et al., 2013). Cells infected by viruses usually undergo apoptotic death. This is 
an innate defence system to reduce spread of infection. Viruses evolved mecha-
nisms dampening apoptosis at early stages of infection to allow their replica-
tion. On the other hand, some viruses induce apoptosis at the end of replication 
cycle to facilitate progeny release. Caspase-8 plays a central role in the execu-
tion-phase of cell apoptosis. It can also be induced via DDX58-like receptor 
signalling pathway by viral dsRNA (Thompson et al., 2011) through Bax/Bak-
independent action (El Maadidi et al., 2014).  Innate anti-viral response pathway 
passing signals from several PRR (DDX58, IFIH1, and NOD2) through MAVS 
leads to activation of interferon response factor-3/7 that promote expression of 
interferon genes. Upstream of IRF3/7 in the signalling pathway is 5-azacytidine 
induced 2 (AZI2) gene product (Zhao et al., 2012). It was shown to enhance 
IFN-β promoter activation, but suppress IRF3 activation in response to poly(I:C) 
or LPS. The protein is involved also in TLR3/4-mediated TICAM1 pathway sig-
nalling (Funami et al., 2007; Sasai et al., 2005). It can activate NFκB-dependent 
gene expression by activating IκB kinase-related kinases, and may protect cells 
from TNF-α-induced apoptosis by promoting NFκB activation (Fujita et al., 
2003). The mentioned AZI2 functions are involved in recognition of RNA virus 
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through TLR and DDX58-like receptor leading to rapid expression of type I in-
terferons (Zhao et al., 2012). The AZI2 protein was found to be associated with 
TAX1BP1 (Goncalves et al., 2011) which was found to inhibit antiviral signal-
ling (Parvatiyar et al., 2010). Therefore, downregulation of the AZI2 gene by E. 
coli Nissle 1917 may explain antiviral action of the bacterial strain. However, 
the downstream signalling leading to upregulation of IFN expression might be 
a result of an alternative pathway. Moreover, the bacterial strain downregulated 
peptidylprolyl cis/trans isomerase, NIMA-interacting 1 protein (PIN1) gene ex-
pression. The protein was shown to negatively regulate activation of IRF3 and 
lead to proteasome-dependent degradation of IRF3 (Saitoh et al., 2006). It was 
also shown that similar protein (PIN3) interacts with virus proteins resulting in 
effi cient, productive replication of such viruses like: EBV (Narita et al., 2013), 
HCV (Lim et al., 2011), and HIV-1 (Watashi et al., 2008). Therefore, downregu-
lation of PIN1 expression by the Nissle 1917 strain may contribute to reduction 
of rotavirus replication. This might be acheieved by release of IRF3 activation 
and/or reduction of interacting partner for a viral protein.

Activated by phosphorylation IRF3/7 transcription factors bind IFNα/β gene 
promoters to stimulate transcription of the cytokines. Interferons are major mol-
ecules that mediate signalling of viral infection. They induce hundreds of genes 
called interferon-stimulated genes (ISGs) that are responsible for innate and 
acquired immunity, and infl ammatory, and cellular response to viral infection. 
These responses are mainly of antiviral and antiproliferative nature (Schoggins, 
2014). Preinfection treatement of Caco-2 cells with E. coli Nissle 1917 upregu-
lated expression of interferon alpha 2 (IFNA2) and interferon beta 1 (IFNB1) 
genes. Therefore action of the E. coli Nissle1917 on expression of the several 
members of innate anti-viral signalling pathway results in enhancement of the 
type I interferon -mediated signalling (Fig. 16). One of the ISGs upregulated by 
the Nissle 1917 strain is the interferon-induced protein 44-like protein (IFI44L), 
which was shown to affect virus replication (Schoggins et al., 2011). However, 
some viruses counteract this action by downregulating its transcription (Wie et 
al., 2013). The apolipoprotein B mRNA editing enzyme, catalytic polypeptide-
-like 3G (APOBEC3G) is a member of the cytidine deaminase protein family. 
The protein coding gene also belongs to ISGs family. Its product was found to 
be a specifi c inhibitor of RNA viruses like: human immunodefi ciency virus-1 
(Gillick et al., 2013) and xenotropic murine leukemia virus (MLV)-related vi-
rus (Dey et al., 2011). Although its expression is strongly induced by infl uenza 
A virus, it does not negatively affect this virus propagation (Pauli et al., 2009). 
The APOBEC3G protein was shown to inhibit viral replication by a mechanism 
involving specifi c binding of the protein to single-stranded DNA (ssDNA) or 
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RNA (ssRNA) but not to double-stranded nucleotides (Imahashi et al., 2012). 
Expression of APOBEC3G was upregulated by E. coli Nissle 1917. In case of 
rotavirus infection the protein may act on viral transcripts preventing their trans-
lation and incorporation into progeny virions.

Preinfection E. coli Nissle 1917 treatment of Caco-2 cells lead to upregula-
tion of  several cytokines. The chemokine (C-C motif) ligand 3 (CCL3) and 
chemokine (C-X-C motif) ligand 10 (CXCL10) were overexpressed 12- and 
160-fold. Whereas CCL5 and CXCL11 only 1.3-fold both. All these cytokines 
play a role in infl ammatory responses. The cytokines expression is induced by 
several stimuli e.g. IFNγ, TNFα, IL-1β, LPS, virus DNA or RNA (Biasin et al., 
2010; Wang J. et al., 2013) through MAPK, NFκB and C/EBPβ signaling path-
ways (Guzzo et al., 2012). Their expression can be blocked by EBV (Jabs et 
al., 2002) and HIV-1 (Zhao et al., 2007) to evade the host’s immune system 
favouring persistent infection. Secretion of the cytokines is proposed to be an 
alternative mechanism to prevent viral infection (Menten et al., 2002; von der 
Ohe et al., 2001). Several papers indicate role of the cytokines (especially CCL3 
and CXCL10) in lowering virus titer during viral infection. However, these data 
come from in vivo studies (reviewed in Melchjorsen et al., 2003) that should 
rather be associated with their proinfl ammatory action. Casola et al. (1998) 
showed that rotavirus infection of Caco-2 cells insignifi cantly increase expres-
sion of CCL3 and CCL5. However, preinfection treatment of Caco-2 cells with 
the E. coli Nissle 1917 strain produced signifi cant upregulation of genes encod-
ing those cytokines.

Interleukin (IL)-12 is a key cytokine in promoting anti-viral Th1 responses. 
It is a heterodimer of p35 and p40 subunits encoded by IL12A and IL12B genes, 
respectively. However, p40 subunit can form a homodimer IL12 p80 to func-
tion as a macrophage chemoattractant, as well as a competitive antagonist of 
IL-12. It was shown that IL12 p80 expression causing the consequent recruit-
ment of macrophages is critical regulatory processes for an appropriate antiviral 
immune response. Moreover,  IL12 p80 overexpression may contribute to the 
localized excessive infl ammation (Gunsten et al., 2009). Preinfection treatement 
of Caco-2 cells with E. coli Nissle 1917 upregulated expression of IL12B that 
may produce IL12 p80 homodimers. Therefore the bacterial signals may con-
tribute to enhancement of infl ammatory response as rotavirus infection in pre-
cived as trigerring weak infl ammatory response (Greenberg and Estes, 2009).

Interleukin-8 (IL-8, CXCL8) is a pro-infl ammatory chemokine able to elic-
it granulocytes, NK cells and T cell chemotaxis at the infl ammatory site. It is 
a principal mediator of the infl ammatory response to many viruses and bacteria. 
However, it may also interfere with the antiviral effect of IFN-α (Pollicino et al., 
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2013). The IL-8 was highly upregulated in both pre- and postinfection treatment 
of Caco-2 cells with E. coli Nissle 1917. Sheth et al. (1996) showed that rota-
virus infection of cultured intestinal epithelial cells stimulates IL-8 expression 
and secretion. Among the cell lines tested the Caco-2 cells demonstrated the 
lowest increase in IL-8 expression (1.9-fold). Whereas in HT-29 and T84 cells 
the production of the cytokine incerased 16.8- and 9.7-fold, respectively (Sheth 
et al., 1996). Similar data was obtained by Casola et al. (1998). The Nisle 1917 
strain boosted expression of the cytokine dramatically in case of preinfection 
treatment of Caco-2 cells. Tumor necrosis factor-alpha (TNF) gene was also up-
regulated by the bacterial strain. It encodes a multifunctional proinfl ammatory 
cytokine involved in the regulation of a wide spectrum of biological processes 
including cell proliferation, differentiation, and apoptosis. This cytokine has 
also antiviral properties. Its expression is regulated by NFκB/AP1 in positive 
feedback (Bartee et al., 2009). Research of Sheth et al. (1996) showed no infl u-
ence of rotavirus infection of intestinal epithelial cells (HT-29) on expression 
of  IL-6, IL1A, IL1B and TNF. The results were further confi rmed by Casola et 
al. (1998) and Rodríguez et al. (2009) regarding both HT-29 and Caco-2 cells. 
However, rotavirus infection of gnobiotic pigs led to raise of IL-6 and TNF in 
serum of study animals (Azevedo et al., 2006). Clinical studies of rotavirus gas-
troenteritis in young children also indicated increase of IL-6 and TNF serum 
levels (Jiang et al., 2003). This might be due to secondary reaction of other e.g. 
immune cells in response to infection. The E. coli Nissle 1917 caused increase 
of TNF expression in Caco-2 cells indicating a role of the bacterial strain in 
modulation of signalling pathway leading to upregulation of the cytokine. In 
this case expression of TNF by intestinal epithelial cells might contribute to ear-
lier response to virus leading to faster clearance of infection.

The infl ammatory signalling involves also CD40 molecule, TNF recep-
tor superfamily member 5. The CD40 was also upregulated in Caco-2 cells by 
the Nissle 1917 strain prior to rotavirus infection. The receptor was found to 
be expressed on numerous immune cells but also endothelial cells, fi broblasts, 
smooth muscle cells, and epithelial cells. It plays a central role in the regulation 
of humoral and cell-mediated immunity, and infl ammatory mediator production 
(Dugger et al., 2009) therefore, its upregulation may contribute to the Nissle 
1917 strain modulation of innate anti-viral action.

The TATA box binding protein (TBP) is a member of multiprotein com-
plex (TFIID) involved in initiation of transcription by RNA polymerase II. The 
complex is target to a number of viral proteins (Berk et al., 1998; Qadri et al., 
1995). Recent research has shown that TBP is mainly localized at sites of vi-
ral DNA replication and transcription (Lester and DeLuca, 2011; Mainz et al., 
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2014; Quadt et al., 2006). Common strategy of RNA viruses is virus-induced 
inhibition of host gene expression to prevent the host antiviral responses (Lyles, 
2000; Weidman et al., 2003). Yet, the hepatitis delta virus (HDV) containing ge-
nome composed of a single-stranded circular RNA utilizes TBP for its replica-
tion (Greco-Stewart et al., 2009). The E. coli Nissle 1917 preinfection treatment 
resulted in downregulation of TBP gene transcription. However, at the current 
state of knowledge it is not possible to give a rational explanation of the impor-
tance of TBP downregulation for host cell. There is no data allowing to connect 
TBP with rotavirus biology. Rotaviruses block expression of host proteins on 
mRNA export from nucleus level (Rubio et al., 2013), not at initiation of tran-
scription.

The Caco-2 response to Rotarix vaccine may not be of pure rotavirus or-
igin since it was demonstrated that the vaccine contains porcine circovirus-1 
(PCV1). This is a highly prevalent nonpathogenic pig virus, which has not been 
shown to be infectious in humans (Victoria et al., 2010). It was shown that the 
PCV1 DNA is protected from DNases indicating presence of viral capsids. 
However, Rotarix derived PCV1 was not able to infect PS, HEK293 and Vero 
cells, suggesting that the high amount of PCV1 DNA present in vaccine does 
not correspond to biologically active particles (Baylis et al., 2011). The Rotarix 
vaccine was shown to contain 4.1 × 107 to 5.5 × 108 PCV1 DNA copies in the 
fi nal doses, and that the PCV1 genome is near full-length and contained two 
mutations in cap gene (Gilliland et al., 2012). The PCV1 virus belongs to small-
est known viruses, has 1.7 kb circular ssDNA genome encoding only two genes 
(Finsterbusch and Mankertz, 2009). In case the PCV1 contributed to Caco-2 
anti-viral responses the E. coli Nissle 1917 modulation of the responses show 
that the bacterial strain posseses wide anti-viral properties.

Most of the genes involved in response to virus infection (n = 37; ACTB, 
AIM2, APOBEC3G, ATG5, CARD8, CASP1, CASP10, CASP8, CCL3, CCL5, 
CD40, CTSS, CXCL11, CYLD, HPRT1, HSP90AA1, IFI44L, IFIH1, IFNA2, 
IFNB1, IL12B, IRAK1, MAP3K1, MYD88, NFKB1, NFKBIA, NLRP3, NOD2, 
PSTPIP1, RIPK1, STAT1, TBP, TICAM1, TLR7, TLR9, TNF, TRIM25) were de-
scribed as polymorphic in human population. This can contribute to individuals’ 
differences in phenotypic response (Huang da et al., 2009) and disease outcome. 

Rotavirus infection is considered as the most frequent cause of diarrhea in 
children. The illness usually lasts several days and is self-limiting, therefore an 
oral rehydration is the conventional treatment for the condition. No specifi c med-
ication was developed to shorten the period of illness. However, it was shown 
that certain strains of probiotic can reduce the duration of diarrhea and rotavirus 
shedding. Numerous randomized controlled trials have demonstrated probiotics 

Marcin_Schmidt.indd   111Marcin_Schmidt.indd   111 2015-03-09   12:10:402015-03-09   12:10:40



112

 Fig. 16. Signalling and regulatory pathways in rotavirus detection and modulation of 
anti-viral responses. Lines connecting cellular gene products (gray boxes) represent: 
interactions, and activation (arrowheads) or inhibition (roundheads) involved in signal 
transduction. Arrows within boxes indicate upregulation (↑) or downregulation (↓) of 
the gene transcription in case of the bacterial stimulation. Rotavirus protein NSP1 inhi-
bition of cellular anti-viral responses were also indicated
Ryc. 16. Szlaki sygnalizacyjne i regulatorowe uczestniczące w detekcji infekcji rotawi-
rusowej i modulowania odpowiedzi przeciwwirusowej. Linie łączące produkty genów 
(szare prostokąty) przedstawiają fi zyczne oddziaływania o charakterze aktywacyjnym 
(zakończone strzałką) lub inhibitorowym (zakończone kropką). Wzrost (↑)  lub obni-
żenie (↓) poziomu ekspresji genów modulowanych przez badane bakterie zaznaczono 
strzałkami w obrębie prostokątów oznaczających produkty genów.  Blokowanie komór-
kowej odpowiedzi przeciwwirusowej przez białko NSP1 rotawirusa (oznaczone sze-
ścianem) zaznaczono liniami przerywanymi
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effectiveness in virus induced gastroenteritis e.g.: B. animalis subsp. lactis B94 
(Erdogan et al., 2012) and HN019 (Shu et al., 2001), B. bifi dum (Duffy et al., 
1994; Saavedra et al., 1994), L. acidophilus (Kolader et al., 2013), L. paracasei 
ST11 (Sarker et al., 2005), L. rhamnosus GG (Basu et al., 2009, Fox and Dang, 
2004; Guandalini, 2011; Szajewska et al., 2011), L. rhamnosus 35 (Fang et al., 
2009), L. sporogenes (Dutta et al., 2011b), S. cerevisiae subsp. boulardi (Guan-
dalini, 2011), and probiotic mixtures (Dubey et al., 2008; Grandy et al., 2010; 
Szymański et al., 2006; Teran et al., 2009). There are reports available on effi cacy 
of E. coli Nissle 1917 on acute diarrhea. Double-blind clinical trial showed a sta-
tistically signifi cant reduction of the duration of acute diarrhea by 2.3 days (Hen-
ker et al., 2007) or 3.3 days (Henker  et al., 2008) after administration of the pro-
biotic. However, neither of the studies in focus mentions etiology of the diahrrea.

Although B. animalis BB12 did not induce antiviral cellular responses in en-
terocytes the probiotic strain was shown to possess viral-infection-preventing 
properties in clinical trials (Chouraqui et al., 2004; Phuapradit et al., 1999). Its 
antiviral activity is attributed to immunomodulating effects on GALT. The strain 
was shown to increase concentration of fecal total IgA in infants (Mohan et al., 
2008; Rautava et al., 2006) and adults (Kabeerdoss et al., 2011), and anti-rotavi-
rus- and anti-poliovirus-specifi c IgA following immunization (Fukushima et al., 
1998; Holscher et al., 2012). Such an activity might be a common feature of Bi-
fi dobacterium species since B. longum, B. infantis and B. breve were also shown 
to boost levels of antipoliovirus IgA after vaccination (Mullie et al., 2004). Sig-
nifi cantly delayed onset and early resolution of diarrhea were observed in B. 
bifi dum ATCC 15696- and B. infantis ATCC 15697- treated, rotavirus-infected 
mice. Analysis of rotavirus-specifi c IgA and IgG in serum, and IgA in feces, 
mucosal total IgA and IgG levels in Peyer’s patches suggests that bifi dobacteria 
may act as an adjuvant by modulating early mucosal and strong humoral rota-
virus-specifi c immune responses (Qiao et al., 2002). Furthermore, the elevated 
immune response after administration of B. animalis BB12 exerts to whole body 
as it was demonstrated to reduce respiratory infections as well (Rautava et al., 
2009; Taipale et al., 2011). It was demonstrated that B. bifi dum Bb11 can act as 
a lipopolysaccharide-like polyclonal activator for B cells. The strain enable B 
cells to respond to TGFβ1 and IL-5 for the IgA production (Ko et al., 1999, So-
noda et al., 1992). Bifi dobacterium bifi dum Bb11 signifi cantly induces the syn-
thesis of total IgA by mucosal lymphoid cells. Nevertheless, the strain itself does 
not induce its own specifi c antibody responses, implying that the strain does not 
provoke unnecessary immune reaction (Park et al., 2002). IgA-inducing proper-
ties possess also other commensal bacteria. Both Bacteroides and Lactobacillus 
strains have such feature, however Bacteroides acidifaciens induces IgA more 
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remarkably than Lactobacillus johnsoni (Yanagibashi et al., 2009, 2013). Such 
an activity has important implications for the primary defense against pathogens 
in the gastrointestinal tract. Another way probiotics can contribute to antiviral 
response is by altering cytokine production (e.g. TNFα, IL-6, IFNβ (Wang Y. 
et al., 2013), IL-1β (Miettinen et al., 2012), TNFα, IFNγ (Khani et al., 2012), 
IFNγ, IL-10, TGFβ (Wen et al., 2012), IL-12, IFNβ (Weiss et al., 2011). How-
ever, comparison of the capacity of 27 lactobacilli and 16 bifi dobacteria strains 
to stimulate bone marrow-derived dendritic cells indicated that lactobacilli can 
be divided into two groups of bacteria featuring contrasting effects, while all 
bifi dobacteria exhibit uniform effects. Lactobacillus acidophilus, L. gasseri, L. 
casei and L. plantarum, induced strong IL-12 and TNFα production and up-
regulation of maturation markers. In contrast, all bifi dobacteria and certain lac-
tobacilli strains were low IL-12 and TNFα inducers (Weiss et al., 2011). Bifi -
dobacteria antiviral properties are not solely related to immune system action 
modulation. Bifi dobacterium longum CECT 7210 was shown to inhibit in vitro 
rotavirus replication and protect cells from virus infection. Furthermore, the 
strain was demonstrated to act in vivo on murine model (Munoz et al., 2011). 
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6. Summary

The results of the study indicate that the impact of microorganisms on host in-
testinal epithelial cells is strain-specifi c. Response of the enterocytes to 12 bac-
terial strains and mixture of several strains showed ability of microbial species 
to modulate 10.7 thousands human genes in total. Average number of differen-
tially expressed genes modulated by single strain was 1.1 thousands. The high-
est similarity in gene expression pattern was observed for group of pathogen-
ic strains. Whereas the most divergent were probiotic strains. Between-group 
comparison revealed the highest consistency in joint differentially expressed 
genes modulated in the same pattern of expression for probiotic and commensal 
strains. Whereas the most divergent were probiotic and pathogenic strains. Re-
sponsome analysis showing an opposite gene modulation scheme may be used 
as guidelines for further tests on probiotic strain to be used for treatment of dis-
order caused by specifi c pathogen. In case where two probiotics modulate sub-
stantial number of the same genes in opposite way such a knowledge suggests 
they should not be used in the same dietary supplement. The microarray data 
does provide information of biological importance and might serve as guidance 
for discovering microbial strain effect on host cells or even organism. Although 
bacteria can modulate different genes in strain specifi c fashion, their action is 
sometimes aimed to similar host cell processes. Genes which products are in-
volved in metabolic pathways were mostly modulated. Within this general path-
way the most targeted was purine metabolism. Regarding genetic information 
processing the protein processing in endoplasmic reticulum was most respon-
sive to bacteria tested. Among signalling pathways involved in environmental 
information processing the PI3K-Akt, MAPK, and Rap1 signalling pathways 
were changed by the bacteria. Also cellular processes such as: regulation of actin 
cytoskeleton, focal adhesion, and endocytosis were most infl uenced. Data min-
ing indicated also a possible infl uence of bacteria on organismal systems. These 
concerned for example leukocyte transendothelial migration and toll-like recep-
tor signalling pathway. Bacterial action on enterocytes additionally revealed 
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their possible participation in diseases development mainly through regulation 
of signalling during carcinogenesis (including virus induced) and modifi cation 
of proteoglycans in cancer cells. Modulation of genes involved in diseases indi-
cate possible use of bacterial strains in treatment or specify therapeutic targets in 
case of diseases induced by pathogens.

Microarray results data mining revealed biological processes that the bacte-
rial strains are capable to modify. One of them was response to viral infection. 
Among bacterial strains tested the E. coli Nissle 1917 was identifi ed as most 
probable to interfere with viral processes. More detailed study showed that the 
strain possesses both prophylactic and therapeutic capacity to reduce the out-
come of rotavirus infection. The Nissle 1917 strain action is directed both to 
prevent virus from hijack cellular control and prevent virus replication.  Ro-
tavirus infected differentiated Caco-2 cells pre- and postinfection treated with  
E. coli Nissle 1917 provided decreased virus replication. Preinfection treatment 
changed expression of genes involved in apoptosis regulation to redirect cells to 
necroptosis. It also enhanced innate anti-viral responses and pro-infl ammatory 
paracrine signalling. 

The challenges for understanding host-microbial interactions are intimate-
ly connected with human health. The fi rst question arising is: how a specifi c 
strain modulates gene expression and metabolism of intestinal epithelial cells? 
There is a good evidence from animal models that microbiota is indispensable 
for health and wellbeing, as well as can trigger number of pathologies. How-
ever, little is known about molecular mechanisms of host-microbe interactions 
and their outcome on local and systemic level. What microbial molecules drive 
modulation of biological processes in intestinal epithelial cells? What is the mo-
lecular basis for the differential ability of distinct commensal and pathogenic 
species to trigger different signalling pathways? Why do some strains of given 
species exert powerful effect on specifi c process, whereas others of the same 
species are essentially mute for it? 

It must be remembered that gut microbiota also include viruses, and eukary-
otes (fungi and protozoa). These other elements of the microbial community 
have coevolved in this environment and undoubtedly provide fascinating targets 
for further exploration of host-microbe relationships. Deeper insight into the re-
lationships will certainly grant exciting new opportunities to improve human 
health.

The bacteria alone affect our life in ways no one ever expected. The future 
of personalized nutrition and medicine will not be complete until we understand 
our microbiome. Recently proposed enterotypes are just a prologue to custom-
ised medical treatments as bacteria infl uence our metabolism and metabolise 
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xenobiotics. The personal bacterial community may be both a diagnostic marker 
and treatment target as its balance is important to health. A potential therapy 
may be composed of bacteria, but also viruses and fungi. However, therapy may 
apply to the whole microbiota. It was found to be the most effective in case 
of recurrent Clostridium diffi cile-infection. However, a list of diseases treated 
with bacteriotherapy (called also fecal microbiota transplantation) is growing 
(Guo et al., 2012; Khoruts and Sadowsky, 2011). As the personal microbiome 
is dynamic it would need to be updated many times in a lifetime to serve for its 
therapeutical purpose.
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7. Conclusions

1. Enormous genetic diversity regarding strains of bacterial species results in 
strain-specifi c transcriptomic responses of intestinal epithelial cells stimu-
lated with bacteria. Approximately 30% of the human protein coding genes 
were shown to be modulated by bacterial species, where single species were 
capable to infl uence transcription from 0.38 to 2.8 thousand genes.

2. Although the bacterial strains modulate diverse sets of genes, products of 
the genes are involved in similar metabolic, signalling, cellular and disease 
pathways. This indicates convergence in targeted processes, components and 
functions of the host cells. Therefore there are groups of genes involved in 
specifi c host biological processes that show traits of species- or genus-specif-
ic regulation.

3. The in vitro gut model used to simulate bacteria-host interactions and micro-
array analysis of gene transcription followed by data mining proved to allow 
identifi cation of biological processes in host cells infl uenced by microorgan-
isms. The only limiting factor is extent of gene products annotation to recog-
nise modifi ed biological processes.

4. Overrepresentation of biological processes belonging to general biological 
process category in analysis of strain infl uence on enterocytes demonstrated 
to be informative in pointing health aspects that analysed strain effectively 
modulates.
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Supplemental information

Primers used for RT-qPCR for human transcripts selected from qPrimerDepot 
Database and literature are listed in Table S1.

In a microarray experiment a random and systemic variation can occur. Thus, 
in order to accurately and precisely measure gene expression changes a normali-
sation of the data has to be performed. This procedure adjusts data to effects 
that are due to variations in the technology rather than biology. These include 
differences in: the binding of the labels (dye biases), sample preparation, hy-
bridization effi ciency, photodetection, autofl uorescence, etc. The normalisation 
procedure effi ciency can be visualized with boxplot (Figs S2-S6). This plot con-
sists of the central box which represents the inter-quartile range (IQR; defi ned 
as the difference between the 75th percentile and 25th percentile, i.e., the upper 
and lower quartiles), the line in the middle of the box represents the median 
(a measure of central location of the data). The whiskers show range, the highest 
datum still within 1.5 IQR of the 75th percentile (upper quartile) and the low-
est datum still within 1.5 IQR of the 25th percentile (lower quartile). Extreme 
values (outlayers) not included between the whiskers are plotted individually as 
small circles.

Normalisation is usually applied to the log-ratios of expression described by 
M value (M = log2R – log2G, where R and G are the background-corrected red 
and green intensities for each spot). On this scale, M = 0 represents equal ex-
pression, M = 1 represents a 2-fold change between the RNA samples, M = 2 
represents a 4-fold change, and so on. The normalization procedure corrects the 
M-values to bring their distribution around an M of 0 (the values in the array 
should be centered about an M equalling to 0 on the boxplot).
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F ig. S1. Boxplot of the raw data (log, base 2 of signal intensity from green channel) 
of microarray experiments of transcriptome analyses of Caco-2 cells treated with: 
(1, 2) L. rhamnosus GG (ATCC 53103), (3, 4) B. animalis BB12, (5, 6) mixture of se-
lected strains (L. acidophilus LA-5, L. plantarum PL02, L. rhamnosus KL53A, L. del-
bruecki subsp. bulgaricus LBY-27, L. lactis PB411, B. animalis BB12), (7, 8) L. casei 
DN114001 (Defensis), (9, 10) B. thetaiotaomicron ATCC 29741, (11, 12) P. anaerobius 
ATCC 27337, (13, 14) S. Typhimurium ATCC 14028, (15, 16) B. animalis MK2, (17, 
18) L. acidophilus LA-5, (19, 20) E. coli ATCC 10536, (21, 22) E. coli Nissle 1917, (23, 
24) E. coli O157:H7, (25, 26) L. casei Shirota
Ryc. S1. Wykres pudełkowy przedstawiający dane pierwotne (wartości intensywności 
fl uorescencji mierzonej dla 555 nm przedstawionej w postaci logarytmu o podstawie 
2) uzyskane w analizie mikromacierzowej transkryptomu komórek Caco-2 poddanych 
działaniu komórek bakterii: (1, 2) L. rhamnosus GG (ATCC 53103), (3, 4) B. anima-
lis BB12, (5, 6) mieszaniny wybranych szczepów (L. acidophilus LA-5, L. plantarum 
PL02, L. rhamnosus KL53A, L. delbruecki subsp. bulgaricus LBY-27, L. lactis PB411, 
B. animalis BB12), (7, 8) L. casei DN114001 (Defensis), (9, 10) B. thetaiotaomicron 
ATCC 29741, (11, 12) P. anaerobius ATCC 27337, (13, 14) S. Typhimurium ATCC 
14028, (15, 16) B. animalis MK2, (17,18) L. acidophilus LA-5, (19, 20) E. coli ATCC 
10536, (21, 22) E. coli Nissle 1917, (23, 24) E. coli O157:H7, (25, 26) L. casei Shirota
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Fi g. S2. Boxplot of the background corrected data with “Normexp” method (log, base 2 
of signal intensity from green channel) of microarray experiments of transcriptome ana-
lyses of Caco-2 cells treated with bacteria (numbers describing experimental conditions 
same as in Figure S1) 
Ryc. S2. Wykres pudełkowy przedstawiający dane po korekcie tła metodą „Normexp” 
(wartości intensywności fl uorescencji mierzonej dla 555 nm przedstawionej w postaci 
logarytmu o podstawie 2) uzyskane w analizie mikromacierzowej transkryptomu komó-
rek Caco-2 poddanych działaniu komórek bakterii (numeracja wariantów eksperymen-
talnych jak na rycinie S1)
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Fig. S3. Boxplot of the background corrected (“Normexp”) and within-slide normalised 
(“Print-tip loess”) M-values datasets of microarray experiments of transcriptome analy-
ses of Caco-2 cells treated with bacteria (numbers describing experimental conditions 
same as in Figure S1) 
Ryc. S3. Wykres pudełkowy przedstawiający dane po korekcie tła („Normexp”) i nor-
malizacji wewnątrz macierzy („Print-tip loess”) w postaci wartości M, uzyskane w ana-
lizie mikromacierzowej transkryptomu komórek Caco-2 poddanych działaniu komórek 
bakterii (numeracja wariantów eksperymentalnych jak na rycinie S1)

M
-v
al
ue

array
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Fig. S4. Boxplot of the background corrected (“Normexp”) and within-slide (“Print tip 
loess”) and between slide (“Aquantile”) normalised M-values datasets of microarray 
experiments of transcriptome analyses of Caco-2 cells treated with bacteria (numbers 
describing experimental conditions same as in Figure S1) 
Ryc. S4. Wykres pudełkowy przedstawiający dane po korekcie tła („Normexp”), nor-
malizacji wewnątrz macierzy („Print-tip loess”) i pomiędzy macierzami („Aquantile”) 
w postaci wartości M, uzyskane w analizie mikromacierzowej transkryptomu komórek 
Caco-2 poddanych działaniu komórek bakterii (numeracja wariantów eksperymental-
nych jak na rycinie S1)

array

M
-v
al
ue
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F ig. S5. Boxplot of the within-slide normalised (“Print tip loess”) M-values datasets of 
microarray experiments of transcriptome analyses of Caco-2 cells treated with bacteria 
(numbers describing experimental conditions same as in Figure S1) 
Ryc. S5. Wykres pudełkowy przedstawiający dane po normalizacji wewnątrz macierzy 
(„Print-tip loess”) w postaci wartości M, uzyskane w analizie mikromacierzowej trans-
kryptomu komórek Caco-2 poddanych działaniu komórek bakterii (numeracja warian-
tów eksperymentalnych jak na rycinie S1)

array

M
-v
al
ue
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F ig. S6. Boxplot of the within-slide (“Print tip loess”) and between slide (“Aquantile”) 
normalised M-values datasets of microarray experiments of transcriptome analyses of 
Caco-2 cells treated with bacteria (numbers describing experimental conditions same as 
in Figure S1) 
Ryc. S6. Wykres pudełkowy przedstawiający dane po normalizacji wewnątrz macierzy 
(„Print-tip loess”) i pomiędzy macierzami („Aquantile”) w postaci wartości M, uzyska-
ne w analizie mikromacierzowej transkryptomu komórek Caco-2 poddanych działaniu 
komórek bakterii (numeracja wariantów eksperymentalnych jak na rycinie S1)

array

M
-v
al
ue
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Fi g. S7. Notation of objects and relations used in KEGG pathways (Kanehisa and Goto, 
2000) 
Ryc. S7. Oznaczenie obiektów i relacji wykorzystanych w szlakach KEGG (Kanehisa 
and Goto, 2000)
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